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Sepsis is defined as a life-threatening organ dysfunction caused by a dysregulated host immune response
toinfection, initiated by an excessive inflammatory cascade that frequently progresses to immunoparalysis
characterized by immune cell dysfunction. In this review, we first provide an overview of the key elements
and stages in the onset and progression of sepsis. Subsequently, we discuss the recent advances of
biomaterial-based nanomedicine (including organic nanomaterials, inorganic nanomaterials, and natural
bio-inspired nanomaterials) in the treatment of sepsis. The elimination of pathogens and the modulation
of the immune response within the sepsis microenvironment through the design of diverse biomaterial
systems were specifically summarized. Finally, we discuss the challenges and opportunities for biomaterial-
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based nanomedicine in the treatment of sepsis.

Introduction

Sepsis is defined as a life-threatening organ dysfunction result-
ing from the host’s dysregulated response to infection [1].
Usually, it can be triggered by a wide variety of bacterial infec-
tions, leading to highly diverse clinical presentations. In sepsis,
the host’s response to infection manifests with signs of infection
accompanied by acute organ dysfunction. This dysfunction may
lead to multiple organ failure, acidosis, and even death [2]. The
pathogenesis of sepsis mainly encompasses pathogen invasion,
dysregulated inflammatory-immune responses, oxidative stress,
as well as tissue damage and subsequent organ failure induced
by cell death. During the early stage, the invasion of pathogens
triggers an excessive and uncontrolled inflammatory response,
leading to cellular death and even tissue or organ damage. As
inflammation transitions from an acute to a chronic phase,
persistent depletion of immune cells drives the body into a state
of immunoparalysis. In clinical settings, sepsis treatment has
predominantly centered on managing the underlying disease,
administering antibiotics, and implementing supportive care
modalities. Initial treatment protocols usually involve incorpo-
rating early appropriate antimicrobial therapy, fluid resuscita-
tion to restore tissue perfusion, and advanced interventions
guided by ongoing assessments of resuscitation efficacy and
organ dysfunction resolution [2,3]. Antibiotics constitute the
cornerstone of pharmacotherapeutic interventions for sepsis.
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However, excessive utilization has expedited the proliferation
of multidrug-resistant (MDR) pathogens colloquially termed
“superbugs” [4]. It is noteworthy that the complex pathophysiol-
ogy of sepsis, characterized by dynamic interactions among
diverse toxins, inflammatory mediators, and cytokine storm
processes across multiple signaling pathways, frequently neces-
sitates comprehensive therapeutic strategies targeting multiple
pathological components [5]. However, because of the dynamic
nature of sepsis pathology, current regimens often fall short in
achieving timely and coordinated modulation of both the
hyperinflammatory and immunosuppressive phases. There is
a critical need to explore more efficient strategies for the treat-
ment of sepsis. The complex and dynamic pathophysiology of
sepsis, characterized by an initial hyperinflammatory phase
followed by a prolonged immunosuppressive state, demands
therapeutic approaches that possess 2 essential characteristics:
(a) multitarget synergistic action to address the diverse patho-
logical drivers, and (b) temporal regulation capability to adapt
to the shifting disease phases.

To address these issues, in recent years, with the rapid
advancement of materials science and nanotechnology, interdis-
ciplinary integration has offered new paradigms for disease treat-
ment. Programmable biomaterial nanoplatforms, owing to their
structural versatility, targeting precision, and stimulus-responsive
behavior, have emerged as a particularly promising avenue for
sepsis treatment [6]. For example, (a) the biomaterials serve as
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effective drug carriers by enabling controlled drug delivery and
release, thereby enhancing therapeutic efficacy. During admin-
istration, these biomaterials can modulate specific features of the
septic immune microenvironment either passively or actively by
regulating oxidative stress, inflammation, and immune homeo-
stasis, thereby establishing synergistic therapeutic approaches.
They also provide an ideal platform for multitarget delivery or
sequential administration of therapeutic agents [7]. (b) Beyond
drug delivery, biomaterials, such as peptide nanofibers, demon-
strate exceptional capabilities in capturing pathogens or modulat-
ing immune cell functions—including macrophage polarization,
neutrophil activation and apoptosis, and the release of pro-
inflammatory cytokines—thereby reversing the progression of
sepsis. (c) Furthermore, in contrast to conventional pharmaco-
therapy, biomaterials augment the efficacy of therapeutic agents
through enhanced biodistribution and bioavailability, thereby
diminishing dependence on excessive antibiotic administration
and curbing the emergence of antimicrobial resistance. Therefore,
biomaterial-based nanomedicine may provide an alternative
strategy for more efficient treatment of sepsis by enhancing tar-
geted therapy efficiency, reducing the excessive use of antibiotics
and enhancing their bioavailability, and enabling highly efficient
regulation of the immune microenvironment.

Although some reviews have well summarized from the
points of peptide-based nanomaterials for sepsis treatment [8],
cell-membrane-coated nanoparticles for sepsis treatment [9],
biomaterials for inflammation control [10], polymeric particle-
based therapies for acute inflammatory diseases [11], and
stimuli-responsive delivery systems for sepsis [12], a holistic
viewpoint from different kinds of biomaterials in sepsis treat-
ment, especially in immunomodulation, is still lacking. In this
review, we provide a comprehensive review of the recent prog-
ress in biomaterial-based nanomedicine for sepsis treatment.
First, we introduce the pathogenesis and pathological char-
acteristics of sepsis. Then, the main treatment strategies of
biomaterial-based nanomedicine were classified and discussed,
particularly in the context of immune modulation. Finally, the
existing challenges, gaps, and prospects in the future were also
discussed.

Pathogenesis and Pathological Characteristics
of Sepsis

The pathophysiology of sepsis is characterized by infection-
induced dysregulation of the systemic host response. The patho-
genesis of sepsis primarily involves pathogen invasion, dysregulated
inflammatory-immune responses, oxidative stress, mitochondrial
dysfunction, cell death, and eventual tissue injury and organ fail-
ure. The host immune response is initiated upon pathogen
invasion. Danger signals, such as damage-associated molecular
patterns (DAMPs) or pathogen-associated molecular patterns
(PAMPs), are released from damaged cells or pathogens. These
signals activate resident immune cells, prompting them to generate
cytokines, chemokines, and oxygen-free radicals [13]. Subsequently,
circulating immune cells adhere to endothelial cells and
migrate to the sites of inflammation, thereby amplifying the
pro-inflammatory response to destroy pathogens [14]. This
coordinated immune response is intended to restore immune
homeostasis. However, an inadequate or excessive reaction can
initiate a disastrous cascade, marked by local or systemic tissue
damage and an overproduction of danger signals. Moreover, the
transition from acute to chronic inflammatory responses in
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sepsis may also precipitate a collapse of immune tolerance, ulti-
mately leading to immunoparalysis, recurrent infections with
drug-resistant bacteria, and potentially death [15]. Hence, immune
homeostasis holds a pivotal position in the pathophysiology of
sepsis and substantially influences clinical outcomes.

Pathogen Invasion and Dysregulated
Inflammatory-Immune Response: The Initiation
Point of Sepsis

The immune response in sepsis is initiated following pathogen
invasion, wherein immune cells detect PAMPs or DAMPs via
Toll-like receptors (TLRs), nucleotide-binding oligomerization
domain (NOD)-like receptors (NLRs), and other pattern recogni-
tion receptors (PRRs), subsequently activating inflammatory
signaling pathways [16]. This activation triggers the engagement
of adaptor proteins, such as myeloid differentiation primary
response 88 (MyD88), and pro-inflammatory transcription fac-
tors, exemplified by nuclear factor-xB (NF-xB) [17]. As a result,
a plethora of inflammatory molecules are secreted, including
interleukin-1a (IL-1a), interleukin-1f (IL-1p), interleukin-6 (IL-
6), interleukin-8 (IL-8), tumor necrosis factor-alpha (TNF-a), and
high mobility group box 1 (HMGBI1), all of which exhibit signifi-
cant up-regulation [18,19]. Additionally, there is an increased
release of inflammatory mediators, such as monocyte chemoat-
tractant protein 1, phosphatidylinositol, glutamate, reactive oxy-
gen species (ROS), and nitric oxide (NO) [20,21]. Concurrently,
in response to cytokines, PAMPs, and DAMPs, endothelial cells
up-regulate the expression of adhesion molecules, including
E-selectin and intercellular adhesion molecule-1 (ICAM-1),
thereby facilitating the recruitment of leukocytes to inflamed sites.
The breakdown of endothelial barrier integrity permits the infil-
tration of various cytokines and leukocytes into tissues, subse-
quently inducing parenchymal cell apoptosis and dysfunction,
thereby aggravating the progression of sepsis [22-24]. Activated
endothelial cells not only compromise the integrity of the vascular
barrier but also modify microcirculation and vascular tone, ulti-
mately leading to impaired blood perfusion. These alterations can
give rise to ischemic or hemorrhagic lesions [25,26].

Studies indicate that pro-inflammatory responses and immu-
nosuppression occur concurrently, with their magnitude being
modulated by multiple host factors (e.g., genetic background and
comorbidities) as well as pathogen factors (e.g., strain type, viru-
lence, and infectious load) [27-29]. Sepsis-associated immunosup-
pression arises from impairments in both innate and adaptive
immunity. Mechanisms driving innate immune dysregulation
include defective neutrophil recruitment and trafficking, aberrant
macrophage differentiation and polarization, suppressed dendritic
cell immune function, impaired natural killer (NK) cell cytotoxicity
and cytokine production, and excessive activation of the comple-
ment system. In the adaptive immune system, characteristic dys-
functions encompass T cell dysfunction and numerical depletion,
elevated frequency of regulatory T cells (Tregs), imbalanced Th17/
Treg ratio, impaired B cell function, and reduced immunoglobulin
levels [30]. During immunosuppression, T cell numbers decline
drastically as a result of enhanced apoptosis and up-regulated
expression of inhibitory immune checkpoint molecules, which
further exacerbates immunosuppression and may even culminate
in immune collapse [31,32]. Inflammation-associated immuno-
suppression represents a key determinant of secondary infections
and multiple organ dysfunction syndrome, which are major con-
tributors to adverse outcomes in patients with sepsis [28,33].
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Oxidative Stress and Mitochondrial Dysfunction:
Amplifiers of Injury

Oxidative stress and mitochondrial injury are pivotal mechanisms
in sepsis; these processes can elicit inflammatory responses and
generate deleterious oxidative products, such as reactive nitrogen
species, which exert detrimental effects on cells. Specifically, mito-
chondrial responses to inflammatory mediators, ROS, and NO lead
to diminished adenosine triphosphate (ATP) production, with
suppressed mitochondrial electron transport chain activity and
oxidative phosphorylation culminating in mitochondrial dysfunc-
tion, which in turn triggers bioenergetic perturbation and cellular
functional impairment [34]. Notably, during inflammation, ROS
and nitric oxide synthase (NOS) can activate Toll-like receptor 4
(TLR4)-mediated NF-xB and interferon regulatory factor signaling
pathways, which play a prominent role in driving apoptosis and
endothelial vasculopathy [35,36]. Dysregulated oxidative stress
perturbs cellular respiration and metabolism, thereby promoting
further ROS generation; this subsequently induces lipid, DNA, and
protein damage, coupled with energy exhaustion, ultimately cul-
minating in cell death and secondary organ injury [37].

Furthermore, in the pathogenesis of sepsis, tissue hypoperfu-
sion and microcirculatory dysfunction frequently lead to
localized or systemic hypoxia, which severely compromises mito-
chondrial oxidative phosphorylation and ATP generation. During
the progression of sepsis, the resultant depletion of ATP similarly
impairs energy-dependent cellular processes, triggering a cascade
of deleterious events. For example, the failure of Na*/K*-ATPase
pumps due to energy deprivation disrupts ionic homeostasis,
leading to elevated intracellular sodium and calcium concentra-
tions, collapse of the electrochemical gradient, and subsequent
cytotoxic edema. These disturbances, in turn, exacerbate mito-
chondrial dysfunction, activate calcium-dependent proteases
(e.g., calpains), promote the accumulation of ROS, and stimulate
excessive NO production. Collectively, these interconnected
mechanisms amplify oxidative stress, propagate inflammatory
signaling, and ultimately induce a cascade of programmed cell
death pathways, thereby contributing to the progression of sepsis-
induced tissue injury and multiorgan failure [38].

Programmed Cell Death: A Double-Edged Sword
in Sepsis Pathophysiology

Programmed cell death is an active process of cellular clearance
triggered by specific signals or stimuli that maintains tissue
homeostasis under physiological conditions; apoptosis consti-
tutes a key mechanism in sepsis pathogenesis, mediating cell
death that is often accompanied by concurrent autophagy. In
the cecal ligation and puncture (CLP) mouse model, the expres-
sion levels of cytochrome ¢, caspase-3, caspase-8, and caspase-9
were markedly up-regulated, whereas that of Bcl-2 was sup-
pressed, thereby collectively promoting immune cell apoptosis
[39]. Beyond apoptosis, pyroptosis has emerged as another
form of programmed cell death characterized by progressive
cell swelling culminating in plasma membrane rupture, which
facilitates the release of intracellular contents and triggers a
robust inflammatory cascade [40]; this process is primarily
mediated by caspase-dependent activation of the gasdermin
(GSDM) protein family. Macrophage pyroptosis can be elicited
via diverse mechanisms, leading to the release of copious
amounts of inflammatory mediators that profoundly exacerbate
inflammatory responses and organ dysfunction.
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Ample evidence confirms that autophagy serves as a critical
regulator of inflammatory responses [41,42]; autophagy plays a
key role in modulating macrophage activation, with inadequate
autophagy potentially driving excessive macrophage activation and
polarization, thereby exacerbating inflammatory responses [43],
whereas enhanced autophagy typically exerts anti-inflammatory
effects. Owing to its homeostatic functions, autophagy has been
shown to safeguard the immune system by eliminating patho-
gens, stabilizing mitochondrial membranes, and preventing
immune cell apoptosis [44,45]. Conversely, inhibiting autophagy
can enhance the antimicrobial capacity of macrophages [46].
Although autophagy activates neutrophils and contributes to
the formation of neutrophil extracellular traps (NETs) [47], it
can also mitigate inflammation and mediate tolerance to toxins
such as Staphylococcus aureus alpha-toxin [48]. These findings
collectively suggest that autophagy may modulate the release
of inflammatory mediators and contribute to a state of relative
immune tolerance.

During inflammation, activated neutrophils undergo a pro-
cess known as “NETosis”, in which they flatten and form promi-
nent extracellular structures called NETs—a distinct form of
cell death [49]. NETs are web-like structures made up of anti-
microbial proteins such as serine proteases, cathepsin G, pro-
teinase 3, and neutrophil elastase (NE) and the neutrophil’s
own DNA. When depolymerized chromatin and intracellular
granular proteins are released, neutrophils activate, capture,
and eliminate pathogens. This process, known as NETosis,
would cause neutrophils to perish. In addition to effectively
eradicating bacteria, the fibrous architecture of NETs can act
as a physical barrier to prevent bacterial dissemination. On the
other hand, the immune system may be compromised by exces-
sive exposure to extracellular histone complexes, indicating that
NETosis represents a double-edged sword for immunity [50].

Tissue and Organ Damage: The Consequence of
Sepsis-Induced Injury

The development and progression of sepsis-associated organ
dysfunction involves not only systemic, life-threatening patho-
physiological processes but also organ-specific injury mecha-
nisms. Tissue hypoxia, mitochondrial dysfunction, and apoptosis
are all well-recognized key mechanisms underlying sepsis-
induced organ dysfunction [51]. In sepsis, the host’s response
to infection is characterized by the concurrent presence of signs
of infection and acute organ dysfunction. Sepsis typically per-
turbs blood flow distribution to organ systems via vasodilation
and microcirculatory dysfunction [52]; increased endothelial
barrier permeability drives fluid extravasation, resulting in tissue
edema and organ failure [53]. Pro-inflammatory mediators trig-
ger the coagulation cascade, leading to a hypercoagulable state
that manifests as disseminated intravascular coagulation (DIC),
which exacerbates organ dysfunction by compromising blood
flow and oxygen delivery [54,55]. Studies have demonstrated
that heparin provides endothelial cell protection by inhibiting
heparinase, ameliorating DIC, and thereby attenuating tissue
and organ damage in sepsis [56]. Furthermore, mitochondrial
dysfunction can induce cytopathic hypoxia, a condition in which
tissues are unable to efficiently utilize oxygen despite adequate
oxygen supply [57]. Accordingly, organ dysfunction serves as a
critical indicator for predicting patient prognosis, with multiple
organ dysfunction being closely correlated with a high mortality
risk [2]. The consequences are particularly serious when acute
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injury involves key organs such as the brain, cardiovascular sys-
tem, kidneys, liver, and lungs. Such dysfunction may lead to
multiple organ failure, acidosis, and even death [2]. The patho-
physiological mechanisms of sepsis are illustrated in Fig. 1. The
major pathogenesis and pathological characteristics of sepsis are
shown in Table 1.

Emerging Nanomedicine Strategies for Sepsis

Classification of biomaterials for sepsis treatment

For sepsis treatment, biomaterials are usually classified into 3
categories: organic biomaterials (including nanofibers, polymeric
nanoparticles, and liposomal nanoparticles), inorganic bioma-
terials, and natural biomaterials (including extracellular vesicle
[EV]-based nanoparticles, cell membrane-coated nanoparticles,
and cell therapies) (Fig. 2). For example, nanofibers demonstrate
remarkable bioadhesive properties, enabling them to effectively
capture pathogens present in the bloodstream, thereby playing
a pivotal role in controlling the progression of both infection and
inflammation [58]. Polymer nanoparticles possess significant
diversity in molecular weight and structural configuration,
which enables efficient encapsulation of diverse therapeutic
agents while facilitating straightforward surface functionalization
for controlled-release formulations and targeted delivery appli-
cations [59]. As such, various surface receptors have been utilized
to design receptor-targeted polymer nanodrug delivery systems.
For instance, surface modification with targeted ICAM-1 on the
nanoparticle surface, which is overexpressed on activated endo-
thelial cells, can effectively deliver drugs to alleviate endothelial
barrier damage [60]. Liposomes are extensively employed for
the delivery of small molecules, peptides, proteins, genes, and
antibodies, owing to their high drug-loading capacity, low toxic-
ity, targeting ability, biocompatibility, biodegradability, and

optimized pharmacokinetics [61]. Recently, biomimetic cell
membrane-coated nanoparticles have demonstrated exceptional
bio-camouflage capabilities, enabling evasion of immune recog-
nition, precise targeting of inflammatory sites, and efficient tra-
versal of biological barriers [62]. These nanoparticles retain the
antigenic surface characteristics of their source cells, enabling
them to mimic cellular functions and effectively modulate the
immune response. EVs are lipid bilayer-enclosed vesicles released
by cells under physiological and pathological conditions [63].
These structures contain bioactive molecular cargo, including
proteins, nucleic acids, lipids, and metabolites, thereby facilitating
intercellular communication through their mediator functions.
Numerous studies have employed bioactives derived from EVs
or encapsulated other bioactives to modulate the inflammatory
progression associated with sepsis. Moreover, inorganic nanopar-
ticles possess high stability, large specific surface areas, and tun-
able surface chemistries, making them ideally suited for drug
loading and photothermal therapy applications. These charac-
teristics collectively make them a promising therapeutic platform
with inherent antioxidant and bactericidal properties [64].
Conventional sepsis treatment is usually constrained by non-
specific drug distribution, systemic toxicity, and limited immu-
nomodulatory capacity. Compared to conventional drug therapies,
biomaterial-based nanomedicine exhibits several advantages,
including targeted drug delivery in vivo, minimized drug wastage,
enhanced therapeutic efficacy, reduced required dosages, and
diminished biological toxicity [65,66]. These biomaterials are typi-
cally administered into the inflammatory microenvironment
via multiple transport mechanisms, including transcytosis, the
enhanced permeability and retention effect, and nanomaterial-
induced endothelial leakage. When they are delivered into
the injured tissues, they can efliciently remove excessive
inflammatory factors and pro-inflammatory mediators from the
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Fig. 1. Pathophysiological mechanism of sepsis. Upon infection, pathogen recognition triggers an initial immune response and cytokine storm. Failure to clear pathogens leads
to sustained inflammation, resulting in tissue/organ damage.
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Table 1. Major pathophysiological mechanisms and pathological characteristics of sepsis

Pathophysiological mechanism Key mediators/cellular events Pathological characteristics Ref.
Dysregulated inflammatory-immune PAMPs/DAMPs — TLR/NLR Cytokine storm; endothelial cell [16-18]
response activation — NF-xB, MyD881 — IL-1B,  activation; leukocyte infiltration
IL-6, TNF-a, ROS, HMGB11
Oxidative stress and mitochondrial ROS, NO, iINOSt — mitochondrial Energy metabolism dysfunction [32-35]
dysfunction electron transport chain inhibition —
ATP depletion
Programmed cell death Caspase-3/8/9 activation —apoptosis; Lymphocyte depletion; organ [36-47]
Caspase-1/4/5/11 activation — dysfunction; inflammatory signaling
GSDMD cleavage—>pyroptosis; ROSt —  amplification
chromatin decondensation and
neutrophil extracellular traps
release — NETosis
Endothelial barrier disruption ICAM-1, VCAM-1, E-selectint — Leukocyte infiltration; widespread [21-25]
endothelial barrier integrity breakdown  coagulation activation; microthrombi
formation; microcirculatory
dysfunction
Immunosuppression/Immunoparalysis T cell apoptosis?, Tregt, B cell Immune cell dysfunction; [26-31]

function|, monocyte|

immunoglobulin level reduction

PAMPs, pathogen-associated molecular patterns; DAMPs, damage-associated molecular patterns; TLR, Toll-like receptor; NLR, NOD-like receptor; NF-kB,
nuclear factor-kB; MyD88, myeloid differentiation primary response 88; IL-1, interleukin-1p; IL-6, interleukin-6; TNF-o, tumor necrosis factor-alpha; ROS,
reactive oxygen species; HMGBL, high mobility group box1; NO, nitric oxide; iNOS, inducible nitric oxide synthase; GSDMD, gasdermin D; ICAM-1, intercellular
adhesion molecule-1; VCAM-1, vascular cell adhesion molecule-1; Treg, regulatory T cell

microenvironment. Additionally, these systems can be designed
to specifically modulate immune cell functions, eliminate patho-
gens, and modulate endothelial cell activation, thereby restoring
immunological homeostasis (Fig. 3). In summary, through diver-
sified design and functional modifications, nanomaterials address
the limitations of conventional drug delivery systems, enabling
precise modulation of the immune microenvironment in sepsis
and offering potential for temporally and spatially controlled
therapeutic strategies.

Nanomedicine for endotoxin neutralization and
pathogen capture in sepsis

Endotoxin neutralization strategies

Endotoxin, also termed lipopolysaccharide (LPS), constitutes an
essential component of the outer membrane in gram-negative
bacteria and represents one of the most critical PAMPs in sepsis
[67]. As the most potent pyrogen, exposure to even minute quan-
tities of endotoxin can induce clinical manifestations [68]. As a
core trigger of the inflammatory cascade in sepsis, endotoxin
plays a pivotal role in disease progression, making its direct
removal from circulation crucial for blocking sepsis advancement.
While conventional blood purification techniques show limited
efficiency and are prone to side effects, functional nanomaterials
offer a novel approach for efficient and safe endotoxin clearance
through specific adsorption and neutralization mechanisms. The
elimination of endotoxin via extracorporeal approaches, particu-
larly hemoperfusion, constitutes a promising research focus [69].
In aqueous solutions, owing to its amphiphilic nature, endotoxin
can aggregate into supramolecular assemblies. The phosphate
groups of monomeric endotoxin form the outer layer of these
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assemblies, while the remaining parts constitute the inner layer.
This particular structure enables endotoxin aggregates to interact
with cationic adsorbents [70].

Polymyxin B (PMB), a cationic antimicrobial peptide (AMP),
can bind and neutralize endotoxin [71]. However, its nephrotox-
icity and neurotoxicity have limited the clinical use of PMB at
systemically effective doses for sepsis therapy [72]. To reduce the
cytotoxicity of PMB against mammalian cells while preserving
its therapeutic efficacy, Yuk et al. [73] engineered a multifunc-
tional nanoparticle designated as D-TZP (nanoparticle containing
vitamin D, tannic acid, LMZWC, and PMB). D-TZP is fabricated
by an iron-complexed tannic acid (TA) nanocapsule containing
a vitamin D core, coated with PMB and low-molecular-weight
zwitterionic chitosan (LMZWC). Within the PMB, LMZWC
appears to function as a “bumper” layer to prevent direct contact
of PMB with mammalian cells, thereby reducing membrane
damage; vitamin D exerts efficient immunomodulatory activity
by down-regulating TLR2/4 synthesis and antagonizing the effect
of LPS on proinflammatory cytokine production. Collectively,
D-TZP attenuates the membrane toxicity of PMB while preserv-
ing its endotoxin-neutralizing capacity.

In addition to endotoxin, cell-free DNA (cfDNA) also signifi-
cantly contributes to sepsis progression. cfDNA enters the sys-
temic circulation following cellular injury, death (including
necrosis), or infection, subsequently initiating inflammatory
cascades through the activation of PRRs such as TLRs [74].
Li et al. engineered a multifunctional nanoparticle (designated
TMP, nanoparticle containing tannic acid, manganese, and poly-
myxin B) for the clearance of multiple inflammatory mediators,
including LPS, ROS, and c¢fDNA. The TMP is fabricated by the
TA, PMB, and manganese (Mn) via hydrogen bonding and
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and natural subtypes, along with their critical roles in modulating immune responses and eliminating pathogens during sepsis management.

coordination interactions. Within the TMP, PMB enables efficient
adsorption of LPS, while manganese serves to scavenge ROS and
enhance the stability of the material; meanwhile, TA interacts
with the phosphate backbone of DNA through hydrogen bond-
ing, forming stable TA-DNA complexes that facilitate cfDNA
removal [75]. This highlights the capability of nanomaterials for
targeted optimization in sepsis toxin-clearance therapies.

Pathogen capture and clearance strategies

The growing global concern over antibiotic resistance highlights
the urgent need for effective antimicrobial agents. The application
of nanofibrous matrices (such as AMP nanofibers) for bacterial
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capture has recently emerged as a novel antimicrobial approach,
garnering significant scientific interest [76,77]. For example,
AMPs combat resistant bacteria by disrupting membrane struc-
tures. AMPs are predominantly secreted by neutrophils and epi-
thelial cells and function as a front-line defense against pathogenic
assaults [78]. Yu et al. engineered a dual-functional AMP nano-
fiber system (Nhar) for capturing pathogens and restricting their
dissemination. The Nhar is fabricated by a self-assembly of
hydrophobic (h) and aromatic (ar) interactions [58]. Nhar
enables efficient membrane transport inhibition through elec-
trostatic binding to negatively charged bacterial components,
which compromises membrane fluidity and permeability in
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gram-positive bacteria; after penetrating the bacterial cell, Nhar
further inhibits energy metabolism, transcription, translation
processes, and ribosome synthesis, ultimately leading to bacterial
death (Fig. 4A). However, because of the distinct outer mem-
brane architecture of gram-negative bacteria containing LPS,
Nhar only achieves physical entrapment without penetrating the
inner membrane to induce intracellular damage. In a mouse
bacteremia model induced by S. aureus, Nhar exhibits significant
therapeutic efficacy.

The issue of antibiotic resistance is increasingly severe; con-
ventional antimicrobial agents fall short in addressing infections
caused by MDR bacteria. Disulfide bond (Dsb) proteins play a
crucial role in the oxidative protein folding pathway within the
periplasm of gram-negative bacteria, promoting the folding and
stability of numerous proteins. They represent a promising yet
underexploited target for combating MDR bacteria, as precise
subcellular targeting through multiple bacterial barriers remains
a major challenge. To achieve targeted inhibition of DsbA, Zou
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et al. [79] engineered a novel heterotypic phase-separated nano-
antibiotic termed NCefoTs for combating pathogens through
physical capture and bactericidal action. The NCefoTs is fabri-
cated by an enzyme-inhibiting lipopeptide (ELp component), a
membrane-recognizing and disrupting lipopeptide (MLp compo-
nent), and the antibiotic cefoperazone. Within the NCefoTs, MLp
contains an LPS-targeting sequence, a membrane-disruptive pep-
tide sequence, and a DsbA-cleavable sequence, which promotes
efficient penetration of the nano-antibiotics across the bacterial
outer membrane (OM); simultaneously, ELp specifically targets
and inhibits DsbA via DsbA recognition, enzymatic modulation,
and in situ nanofiber transformation. Ultimately, synergistic
bactericidal effects are achieved through the inactivation of
DsbA and the intracellular delivery of cefoperazone (Fig. 4B).
This establishes a novel therapeutic platform that integrates
structural biomimicry with functional synergy for pathogen
clearance in the early stage of sepsis, offering a promising strat-
egy against drug-resistant bacterial infections.
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Metal nanoparticle-based platforms can be integrated with
multiple therapeutic strategies, providing more effective treat-
ment alternatives against MDR bacteria. For instance, gold
nanoparticles (AuNPs) and silver nanoparticles (AgNPs) have
been shown to possess significant anti-inflammatory properties.
However, their application is limited by poor stability, low drug-
loading capacity, and difficulties in controlling drug release. Ha
etal. [80] engineered an AuNP-based construct termed AuNP-
NSC (Gold nanoparticle_N-heterocyclic_Siderophore_Cyanine?)
for disrupting MDR bacterial cells. The AuNP-NSC is fabricated
by Au nanoparticles and N-heterocyclic carbenes (NHCs). Within
the AuNP-NSC, the introduced NHC exhibits strong affinity for
transition metals to form highly stable complexes with AuNPs
via covalent bonding. AuNP-NSC specifically targets and enters
drug-resistant gram-negative Pseudomonas aeruginosa by binding
trivalent iron, achieving selective localization. Upon exposure to
near-infrared (NIR) light, the AuNPs generate localized heat and
mechanical vibrations, thereby inducing cytotoxicity in adjacent
bacterial cells (Fig. 5). Treatment with AuNP-NSC significantly
inhibited the proliferation of antibiotic-resistant P. aeruginosa and
mitigated drug resistance, markedly preventing systemic organ
failure in sepsis mouse models. This exemplifies the potential of
rationally designed nanomaterials to achieve enhanced bacteri-
cidal efficacy in sepsis pathogen-clearance therapies.

Nanomedicine for endothelial repair in sepsis

In sepsis, endothelial cell activation and barrier disruption play
a pivotal role in organ injury. Conventional anti-inflammatory
and antibiotic therapies often lack specific targeting toward
damaged endothelium. LPS-activated human umbilical vein

AuNP_NHC

-

endothelial cells (HUVECs) display a high-level expression of
specific surface antigens, encompassing ICAM-1, vascular cell
adhesion molecule-1 (VCAM-1), and selectins. Functionalized
nanoparticles can recognize activated endothelial surface mark-
ers such as ICAM-1, enabling drug enrichment and controlled
release at the site of infection, thereby synergistically exerting
anti-inflammatory and antibacterial effects. Zhang et al. [60] engi-
neered amphiphilic chimeric copolymers that self-assemble into
polymeric micelles to achieve targeted drug delivery at infection
sites. Polymer micelles are constructed via the self-assembly of
pH-sensitive copolymers incorporating bacterial enzymes, form-
ing micellar structures coencapsulating the antibiotic ciprofloxa-
cin and the anti-inflammatory agent TPCA-1 (2-[(aminocarbonyl)
amino]-5-(4-fluorophenyl)-3-thiophenecarboxamide), followed
by conjugation with ICAM-1 antibodies for targeted delivery
to infectious microenvironments (IMEs) (Fig. 6). Within the
IME, these polymer micelles exhibit excellent pH and enzyme-
responsive properties, enabling them to controllably release the
antibiotic and the anti-inflammatory agents, significantly reduc-
ing the bacterial burden and modulating the host inflammatory
response. Consequently, the treatment effectively alleviated the
inflammatory responses while re-establishing vascular homeo-
stasis in septic mice.

The bacterial pathogen S. aureus stands as a principal culprit
in bloodstream infections, with patients frequently suffering
from recurrence even after undergoing antibiotic therapy. The
vascular endothelium serves as a primary target in sepsis-
related pathophysiological events, and a multitude of patho-
gens, S. aureus included, have been demonstrated to bind to
and internalize into human vascular endothelial cells [81,82].

Siderophore or Cyanine-7

P. aeruginosa

Fig. 5. Functional siderophore-functionalized gold nanoparticles (AuNP-NSC) for the targeted elimination of antibiotic-resistant Pseudomonas aeruginosa. Reprinted with

permission from Ref. [80]. Copyright 2025, ACS Nano.
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Conventional anti-staphylococcal agents exhibit restricted effi-
cacy against internalized bacteria. However, nanoparticles con-
jugated with antibiotics can surmount these challenges. Nader
etal. [83] engineered the vancomycin hydrochloride (Vh)-
encapsulated poly(lactic-co-glycolic acid) (PLGA) nanoparti-
cles to suppress bacterial growth within infected endothelial cells.
The Vh-PLGA nanoparticles are internalized efficiently via
PLGA-mediated endocytosis. Following endosome-lysosome
fusion, the acidic intraluminal environment triggers nanopar-
ticle degradation, leading to the direct intracellular release of
vancomycin and thereby eliminating internalized bacteria.
Thus, this endothelium-targeted nano-delivery system not only
enhances local drug concentration at the infection site but also
achieves dual therapeutic efficacy—combining bacterial clear-
ance with endothelial protection—through a microenvironment-
responsive release mechanism, which significantly improves
outcomes in sepsis.

Nanomedicine for macrophage immunomodulation
in sepsis

Organic biomaterials-mediated macrophage

modulation strategies

Intervention targeting the hyperactivation of immune cells rep-
resents a promising therapeutic strategy for sepsis. Macrophages
play a central role in the immune dysregulation of sepsis, where
their excessive activation drives the cytokine storm [84]. Several
studies suggest that immunosuppressive tumors may attenuate
sepsis-associated immune hyperactivation, thereby alleviating
sepsis. Li etal. [85] performed transcriptomic sequencing and
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identified that melanoma-derived exosomes exert good anti-
inflammatory effects primarily through 7 specific miRNAs. Based
on this result, they developed a biomimetic exosome mimic,
which is fabricated by the self-assembly of 7 anti-inflammatory
miRNAs of melanoma-derived exosomes and a hyaluronic
acid (HA)-polyethyleneimine (PEI) copolymer (Fig. 7A).
Within the exosome mimic, HA can target both macrophages
and activated vascular endothelial cells via the CD44 antigen,
enabling targeted delivery of the anti-inflammatory miRNAs.
The delivered miRNAs significantly up-regulated the anti-
inflammatory M2 marker Argl expression in macrophages
and down-regulated pro-inflammatory M1 markers inducible
nitric oxide synthase (iNOS) and the transcription factor
NF-kB, thereby promoting macrophage polarization toward
an anti-inflammatory phenotype. Moreover, they could also
suppress the expression of adhesion molecules ICAM-1 and
MCP-1) in injured vascular endothelial cells. As a result,
administration of these exosome mimics markedly reduced
serum levels of IL-6, IL-8, and TNF-a, alleviated clinical symp-
toms in both septic mice and cynomolgus monkeys, and ulti-
mately led to a significant improvement in survival rates.
Nicotinamide adenine dinucleotide (NAD) and its reduced
form, NADH, serve as essential cofactors in energy metabolism.
Because of NAD’s inherent characteristics as a small, hydro-
philic molecule bearing a negative charge, which restricts its
membrane permeability, cellular uptake traditionally requires
extracellular degradation into its precursor metabolites (nico-
tinamide and nicotinamide riboside) to allow intracellular
transport for subsequent enhancement of NAD biosynthesis.
This conversion mechanism exhibits limited efficiency due to
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(B) Schematic illustration of liposome-coated CaP or MOF nanoparticles for NAD(H) delivery and sepsis microenvironment modulation. Reprinted with permission from Ref.

[86]. Copyright 2022, Nat. Nanotechnol.

regulatory constraints imposed by rate-limiting enzymes such
as NAMPT. Ye et al. [86] engineered NAD(H)-loaded nanopar-
ticles to enable direct cellular uptake of NAD(H). The NAD(H)-
loaded NPs are fabricated by using a calcium phosphate (CaP)
or metal-organic framework (MOF) nanoparticle to encapsulate
NAD/NADH, followed by coating with a lipid bilayer. Within
the NAD(H)-loaded NPs, the CaP or MOF core enables them
to dissolve in the acidic endosomal environment, leading to
endosomal swelling and rupture, which releases the encapsulated
NAD(H) into the cytosol (Fig. 7B). Treatment with NAD(H)-
NPs markedly reduced the cytosolic calcium concentrations and
prevented the loss of mitochondrial membrane potential, thereby
enhancing cellular energy supply, averting pyroptosis and apop-
tosis, and ultimately attenuating inflammatory responses to sup-
press the progression of sepsis. This study demonstrates that
organic nanomaterials can precisely modulate macrophage func-
tion via targeted delivery of immunomodulatory molecules,
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effectively reversing their pro-inflammatory phenotype and
reducing inflammatory cytokine levels.

Biomimetic membrane-coated biomaterial-mediated
macrophage modulation strategies

Biomimetic cell membrane-coated nanoparticles preserve the
membrane proteins and recognition functions of the source
cells, enabling prolonged circulation and active targeting—
particularly for regulating immune cells such as macrophages
[87]. In these biomimetic nanoparticles, membranes derived
from key immune components, including macrophages, neu-
trophils, and mesenchymal stem cells, cancer cells, or even
bacterial sources, are utilized as coating materials, preserving
their native structural and functional characteristics. This pres-
ervation allows the nanoparticles to evade immune surveillance
by the host’s immune system [88]. Such immune-evasion capa-
bility allows the nanoparticles to maintain a prolonged presence in
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the bloodstream and be effectively utilized at inflammatory
sites [89]. Unlike artificial liposomes that merely mimic cell
membranes, these cell membrane-coated nanoparticles can
precisely replicate the intricate biomolecular milieu of natural
cell surfaces. This is accomplished by maintaining the native
composition and functionality of the source cell membranes,
encompassing lipids, glycans, and proteins [90,91]. For instance,
macrophage membranes retain the ability of their parent cells
to bind endotoxins and pro-inflammatory cytokines; coating
nanoparticles with such membranes has been shown to reduce
pro-inflammatory cytokine levels and suppress bacterial dis-
semination in septic mice [92].

Beyond passive neutralization, these platforms can be engi-
neered for active therapeutic delivery. A pivotal concern in
sepsis management is the excessive production of ROS, which
induces oxidative stress and may culminate in multiorgan fail-
ure. Qu et al. [93] engineered an antioxidative nanoplatform
(designated mAOI NP) for enhancing the delivery and efficacy
of antioxidants. The mAOI NP is fabricated by coordinating the
antioxidant TA with ferric iron (Fe’") to form TA-Fe nano-
complexes, followed by the introduction of the flavonoid quer-
cetin (Qu) to terminate excessive polymerization and control
the self-assembly process; finally, the composites are coated with
macrophage membranes. Within the mAOI NP, the macro-
phage membrane enables homologous targeting to inflamma-
tory sites, while the TA/Qu core effectively scavenges ROS,
repairs mitochondrial damage, and up-regulates the Nrf2/HO-1
antioxidant pathway. Furthermore, internalized mAOI NP pro-
motes the polarization of pro-inflammatory M1 macrophages
toward the anti-inflammatory M2 phenotype, demonstrating a
combined antioxidative and immunomodulatory effects.

Stem cell membranes offer another promising source for bio-
mimetic coatings, given their inherent immunomodulatory prop-
erties. Bone marrow mesenchymal stromal cells (BMSCs) are
known to alleviate sepsis pathophysiology by modulating immune
dysregulation and coagulation [94]. For instance, BMSCs express
abundant immunosuppressive ligands such as programmed cell
death-1 (PD-1) and Fas ligand, which minimize monocyte infil-
tration and limit the release of pro-inflammatory cytokines, while
also exhibiting high expression of [CAM-1 and VCAM-1 to target
inflammatory microenvironments. Lu etal. [95] engineered a
multifunctional nanoparticle (designated FZ/MER-AgMOF@
Bm) for sepsis management. The FZ/MER-AgMOF@Bm is fab-
ricated by a silver metal-organic framework (AgMOF) as the core
carrier, loaded with the receptor for advanced glycation end-
products (RAGE) inhibitor FPS-ZM1 and the antibiotic merope-
nem (MER), and modified with LPS-primed BMSC membranes.
Within the FZ/MER-AgMOF@Bm, the BMSC membranes facili-
tate targeted delivery to infection sites and promote macrophage
M2 polarization, while the core components synergistically
inhibit the HMGB1/RAGE axis and exert antibacterial effects
(Fig. 8). Thus, by leveraging the natural targeting and signaling
functions of source cell membranes, the biomimetic membrane-
coated biomaterials achieved precise localization to inflammatory
sites and enabled multifaceted modulation of macrophage activ-
ity, thereby offering a potent and sophisticated tool for sepsis
immunomodulation.

EV biomaterial-based macrophage modulation strategies

EVs are garnering growing interest as anti-inflammatory thera-
peutics and drug delivery platforms, owing to their inherent
biocompatibility, low immunogenicity, and natural targeting
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capabilities [96]. These nano-sized membrane-bound vesicles,
secreted by diverse cell types, include apoptotic bodies (ABs),
microvesicles, and exosomes. As endogenous nanoparticles, EVs
exhibit significant potential for sepsis treatment owing to their
ability to facilitate intercellular communication through the
transfer of bioactive molecules, including proteins, nucleic
acids, and lipids [97]. Several nanomedicines employing EV's
as delivery vehicles have been developed to modulate inflam-
matory responses. To optimize drug loading, various tech-
niques have been devised for incorporating therapeutics into
EVs, such as ABs, encompassing both passive and active load-
ing methods [98]. However, these approaches are often con-
strained by complexity, suboptimal efficiency, and potential loss
of bioactivity. Prior research has demonstrated that hybrid
nanovesicles, generated through the fusion of liposomes with
natural nanovesicles, exhibit high drug-encapsulation efhi-
ciency, preserve biological functionality, and enhance targeting
capacity [99]. For instance, given the anti-inflammatory prop-
erties of M2 macrophages and their derived ABs, Lan et al.
[100] engineered an AB-based biomimetic hybrid nanovesicle
(L-AB) for utilizing the specific uptake of macrophages. The
L-AB is fabricated by combining ABs with artificial liposomes
to encapsulate dexamethasone (Dex). This design allows L-AB
to inherit “eat me” signaling molecules present on the AB sur-
face, thereby facilitating targeted uptake by macrophages. This
design enabled efficient intracellular delivery of Dex, which
suppressed macrophage hyperactivation and oxidative stress
by inhibiting the NF-kB pathway, ultimately improving survival
in septic mice (Fig. 9A).

In addition to small-molecule delivery, EVs also offer a prom-
ising vehicle for nucleic acid-based therapeutics. The CRISPR/
Cas system represents a powerful tool for precision gene regula-
tion, but its clinical translation has been hampered by the lack
of safe and efficient delivery vectors. While viral vectors currently
serve as the predominant delivery tools [101], their immunoge-
nicity and potential for insertional mutagenesis limit clinical
translation [102]. EVs offer a promising alternative due to
their low immunogenicity and natural delivery capacity. Recent
advances have demonstrated that EVs can efficiently deliver
CRISPR-Cas9/guide RNA (gRNA) complexes for genome edit-
ing [103]. Compared to the CRISPR/Cas9 system, which induces
permanent genomic modifications, CRISPR/Cas13d (CasRx)
represents a relatively safer alternative as it directly recognizes
and cleaves target RNA, enabling transient transcriptome modu-
lation [104,105]. Li et al. engineered an EV-based nanopar-
ticle (designated CasRx-gRNA EVs) for safe and efficient
modulation of inflammation at the RNA level. The CasRx-
gRNA EVs are fabricated by EV's derived from HEK293T cells,
loaded with the CRISPR/CasRx system and tandem gRNAs
targeting key cytokines (IL-6, TNF-«, and IL-1f) [106]. Upon
delivery via EVs, the CasRx-gRNA complex transiently dis-
rupted the RNA of the target cytokines, thereby suppressing
their activation, reducing systemic inflammation, and improv-
ing outcomes in septic models (Fig. 9B). These studies high-
light the versatility of EV-based platforms in delivering
diverse therapeutic cargoes to precisely modulate macrophage
function in sepsis.

Inorganic biomaterial-based macrophage

modulation strategies

Inorganic nanomaterials possess distinct advantages for sepsis
treatment, including potent antioxidant and anti-inflammatory
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activities. However, their clinical translation has been limited
by concerns regarding prolonged in vivo retention, potential
systemic toxicity, and accumulation in the mononuclear phago-
cyte system. Through rational material design and metabolic
engineering, these limitations can be mitigated. For instance,
cerium-based nanomaterials typically form insoluble precipi-
tates with physiological phosphates, leading to organ accumula-
tion. However, complexing cerium with diethylenetriamine
pentaacetic acid (DTPA) generates renal-clearable nanoparti-
cles, preventing cerium ion leaching and systemic toxicity.
Based on this principle, Kim et al. [107] constructed renal-
clearable cerium-based nanoparticles derived from cerium-
DTPA complexes. Ce-DTPA, in combination with Fe-DTPA
(CE-DTPA), acts as an antioxidant pair that synergistically
scavenges hydrogen peroxide via a Fenton-like reaction. The
CF-DTPA reduced pro-inflammatory gene expression in
LPS-activated macrophages and improved survival in septic
mice by alleviating systemic inflammation and downstream
tissue damage in the liver, spleen, and kidneys (Fig. 10).
Therefore, metabolically optimized inorganic nanomaterials
like CE-DTPA can serve as nonaccumulative nanomedi-
cines, overcoming the limitations of conventional inorganic
nanoparticle therapies.

Furthermore, carbon dots (CDs) have attracted growing inter-
est in biomedicine owing to their exceptional biocompatibility,
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low cytotoxicity, and notable antibacterial properties. By
exploiting the carbonizable components of bacterial cell walls,
Liet al. [108] synthesized CDs from Escherichia coli (E-CDs)
via pyrolysis carbonization. They demonstrated that E-CDs
competitively inhibited LPS binding by targeting LPS-binding
protein (LBP) and promoted LPS degradation via the lyso-
somal pathway. This interaction reduced excessive activation
of the TLR4/NF-kB pathway in macrophages while effectively
suppressing oxidative stress and overactivation of the STING
pathway, thereby inhibiting the cytokine storm in sepsis. This
strategy not only highlights a sustainable approach to convert-
ing pathogens into therapeutic agents but also exemplifies
how inorganic nanomaterials can be designed to safely target
key inflammatory pathways in macrophages.

Nanomedicine for neutrophil immunomodulation

In severe sepsis, pathological stimuli disrupt the normal apop-
totic pathway in neutrophils, steering them toward alternative
cell-death modalities that amplify inflammation and contrib-
ute to organ dysfunction [109]. Nanoplatforms have been
engineered to specifically target these hyperactive neutrophils,
induce programmed cell death, and mitigate sepsis severity.
To deliver doxorubicin (DOX) specifically into activated neu-
trophils, Wang etal. [110] engineered a sialic acid (SA)-
functionalized nanoparticle loaded with DOX (DOX-SAL).
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Within the DOX-SAL, the SA moiety binds to L-selectin
(CD62L) on circulating inflammatory neutrophils, thereby
enabling targeted DOX delivery and subsequent induction of
apoptosis, and suppressing inflammation. In another study,
Zhang et al. synthesized a pH-sensitive DOX delivery system
(DOX-hyd-BSA) for inducing programmed cell death and
inhibiting neutrophil migration. The DOX-hyd-BSA is fabri-
cated by conjugating DOX to the bovine serum albumin (BSA)
through a hydrazone bond (hyd) [111], which degrades in the
acidic microenvironment of activated neutrophils, leading to
the release of DOX from the BSA conjugate (Fig. 11A). In
septic mice, these nanoparticle strategies significantly reduced
cytokine levels and suppressed systemic inflammatory by pro-
moting apoptosis of inflammatory neutrophils, thereby mark-
edly improving survival.

Tetrahedral framework nucleic acids (tFNAs) are recognized
as one of the most versatile framework DNA nanomaterials,
widely utilized in immunomodulation and drug delivery due
to their superior cellular uptake, tissue permeability, structural
editability, and biocompatibility [112]. These tFNAs can be
functionalized with drugs or aptamers for enhanced targeting
and therapy [113]. By leveraging a tFNA structure combined
with a neutrophil-hitchhiking mechanism, Zhou et al. [114]
engineered a targeted nanodrug delivery platform termed
Ac-PGP-tFNA (APT) for delivering the anti-inflammatory
agent baicalin (designated APTB). Within the APTB, the tFNA
framework is functionalized with the N-acetyl-Pro-Gly-Pro
(Ac-PGP) peptide, which specifically targets neutrophils by
binding to the C-X-C motif chemokine receptor 2 (CXCR2)
on the neutrophil membrane, enabling a “hitchhiking” delivery
mechanism. APTB significantly enhanced baicalin’s bioavail-
ability, promoted neutrophil apoptosis, reduced NETs forma-
tion, and modulated macrophage polarization toward the M2
phenotype (Fig. 11B). This study underscores the potential of
functionalized nanomaterials for the targeted regulation of
activated neutrophils, thereby systemically mitigating sepsis-
associated inflammation and tissue injury.
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Nanomedicine for reversing immunoparalysis
Organic biomaterial-based immunosuppression
reversal strategies
In the late stage of sepsis, immunoparalysis increases the risk of
secondary infections. Conventional immune stimulants often
exhibit transient efficacy and lack specificity. Nanocarriers enable
sustained release of immunomodulators, which can induce
innate immune memory and restore immune cell function to
provide long-term immunoprotection. IL4 is known for its anti-
inflammatory properties [115,116], but its clinical translation is
impeded by poor pharmacokinetics. To address this, Schrijver
et al. [117] engineered IL4-containing nanoparticles (IL4-aNPs)
for effectively exerting immunomodulatory function in inflam-
matory conditions. The IL4-aNPs are fabricated by encapsulating
a fusion protein consisting of apoAl and IL4 (apoA1-IL4) within
lipid nanoparticles. Within the IL4-aNPs, apoAl facilitates tar-
geted delivery to myeloid cells, while IL4 exerts acute anti-
inflammatory effects via the STAT6 pathway and concurrently
induces persistent innate immune memory (“trained immunity”)
through the PI3K-mTOR pathway. Treatment with IL4-aNPs
reduced TNF-a and IL-6 production in LPS-stimulated mono-
cytes and enhanced long-term monocyte reactivity, successfully
reversing sepsis-induced immunoparalysis in models (Fig. 12A).
Many sepsis survivors experience prolonged immunosuppres-
sion, characterized by immune cell dysfunction and increased
susceptibility to secondary infections [28]. Activation of NLR
and TLR signaling triggers cytokine release that supports immune
cell function [118,119]. Based on this, Zhao etal. [120] engi-
neered immunostimulatory composite nanoparticles with bipha-
sic release characteristics (designated MDP + P-M®@ALG) to
enhance anti-infective activity and eliminate invading pathogens.
The composite nanoparticles are fabricated by encapsulating the
TLR4 agonist monophosphoryl lipid A (MPLA) into PLGA
nanoparticles (P-M), then combining with the NOD2 agonist
muramyl dipeptide (MDP) and alginate (ALG) (Fig. 12B).
Within MDP + P-M®@ALG, the small-molecule MDP exhibited
rapid release upon injection and provided transient protection

15


https://doi.org/10.34133/research.1254

Research

DOX-hyd-BSA DOX-hyd-BSA NPs

Blood vessel

Apoptosis
)
0 o
<€
s A
Q) ®

PR

e
Ac-PGP  S1 S1-Ac-PGP S$2,S3,54 Baicalin
J @ J @ @ (J @ @ @
Neutrophil Degranulation Necrocytosis
W | /—> QS
Q: i eas
NETosis o ]
; (e
— e B

APTB 0 o L0 4
v ¥
X o0 LB
Transmigration
M1 macrophage M2 macrophage TNF-o ¥
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polarization for sepsis treatment. Reprinted with permission from Ref. [114]. Copyright 2025, ACS Nano.

stronger cytokine secretion in immunosuppressed mice, thereby
improving survival and providing long-term protection against
secondary infections. These studies demonstrate that nanocarrier-

against E. coli infection by activating innate immune cells, while
MPLA within the P-M nanoparticle exhibits sustained release,
enabling long-term immune modulation and conferring broad

protection against various pathogens. Treatment with MDP +
P-M@ALG increased bacterial uptake; elevated proportions
of M1 macrophages, neutrophils, and NK cells; and induced
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delivered immunomodulators not only exert acute anti-
inflammatory effects but also enhance long-term anti-infection
capacity through trained immunity, offering a temporal
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with permission from Ref. [120]. Copyright 2021, Biomaterials.

immunorestoration strategy for sepsis during the immunopa-
ralytic phase.

Cell therapy-based immunosuppression reversal strategies
Numerous bacteria evolve immune-evasion strategies that thwart
phagocytosis and lysosomal killing, leading to persistent and
recurrent infections [121,122]. The direct application of immu-
nostimulants often fails to restore the function of damaged mac-
rophages and monocytes [123]. In immunosuppressed sepsis
patients, nanoplatforms can potentiate immune responses by
delivering immunostimulants or antigens to target immune cells
and bolster microbial defense [124]. Hou et al. [125] engineered
an mRNA delivery platform (designated AMP-cat-B@VLNP)
for efficient intracellular delivery of mRNA encoding bactericidal
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AMPs. The AMP-cat-B@VLNP is fabricated by encapsulating
mRNAs encoding the AMP AMP-IB367 and cathepsin B (CatB)
within vitamin C-derived lipid nanoparticles. Within the AMP-
cat-B@VLNP, vitamin C promotes the specific accumulation of
the nanoparticles in macrophage lysosomes, which serve as the
crucial site for bactericidal activities. Upon acquiring AMP-
cat-B@VLNP, macrophages translate the mRNA into functional
cytosolic proteins. These proteins subsequently translocate to
lysosomes, where the linker is cleaved by CatB, thereby releasing
the active AMP AMP-1B367. When bacteria-containing phago-
somes fuse with these lysosomes, internalized bacteria are
exposed to both pre-released AMP-IB367 and innate lysosomal
antimicrobial components, effectively eliminating MDR patho-
gens that evade conventional killing (Fig. 13A). Adoptive transfer
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of bacteria. Reprinted with permission from Ref. [127]. Copyright 2025, Nat. Commun.

of macrophages loaded with AMP-cat-B@VLNP cleared MDR
bacteria in immunosuppressed septic mice and prolonged
survival.

Persistent infections caused by methicillin-resistant Staphylococcus
aureus (MRSA) and the subsequent induction of host immunopa-
ralysis stand as major factors contributing to sepsis-related mortal-
ity. Existing clinical interventions often fail to fully restore immune
homeostasis and eliminate MRSA. To stimulate innate immunity
against MRSA, Tang et al. [126] engineered macrophage-targeting
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peptide CRV (sequence CRVLRSGSC)-modified lipid nanopar-
ticles (CRV/LNP-RNAs) for the transient in situ programming of
macrophages (M®s). The CRV/LNP-RNAs are fabricated by coen-
capsulating mRNA encoding an MRSA-targeted chimeric antigen
receptor (SasA-CAR mRNA) and CASP11 siRNA (a key MRSA
intracellular evasion target), together with the CRV peptide.
Within the CRV/LNP-RNAs, the CRV peptide binds to the RXRf
receptor, enabling targeted RNA delivery to macrophages at both
tumor and infection sites, thereby generating CAR-M®s with
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enhanced bactericidal potency. This strategy demonstrated that
the engineered M®s could efficiently phagocytose and intracel-
lularly digest MRSA, thereby preventing immune evasion by this
“superbug”

Capitalizing on catalytic antibacterial nanoparticles that gener-
ate ROS, Liu et al. [127] engineered a piezocatalytic nanoparticle
(designated BaTiOs;@Au) as an ultrasound-responsive nanocata-
lyst for stimulating macrophage immune responses. The BaTiO,@
Au is fabricated by pieodeposition of Au on BaTiO; (BTO)
nanoparticles. Under ultrasound exposure, these piezoelectric
nanoparticles (piezoNPs) significantly enhanced ROS generation
within macrophages, thereby boosting their antibacterial phago-
cytosis and killing activity (Fig. 13B). Mouse bone marrow-derived
macrophages were incubated with piezoelectric nanoparticles to
form piezoelectric macrophages (piezo-M). Adoptive transfer of
piezo-Mg@ in a chronic infection model exhibited long-term anti-
bacterial efficacy, highlighting the potential of catalytic nano-
particles to modulate innate immune responses and engineer
macrophages for immunotherapy. This highlights that nano-
engineered cellular therapies establish a novel living-cell thera-
peutic paradigm, where modified immune cells exhibit enhanced
bactericidal and immunomodulatory capacities to combat drug-
resistant infections and reverse immunoparalysis in sepsis.

Summary of Advantages and Limitations of
Biomaterials for Sepsis

Despite the considerable preclinical potential of nanomedicine
in sepsis management, most therapeutic strategies remain lim-
ited to preliminary research phases, with their clinical transla-
tion requiring resolution of multiple significant barriers. These
include not only fundamental issues of material safety, biodis-
tribution, metabolism, and long-term toxicity, but also practical
hurdles in scalability, reproducibility, batch-to-batch consistency,
and regulatory approval. The distinct classes of nanomaterials—
organic, inorganic, and biomimetic—each face unique obsta-
cles in the path toward clinical application.

Organic biomaterials (e.g., PLGA nanoparticles, liposomes,
and polymeric micelles) are generally biodegradable and exhibit
high biocompatibility. They are capable of encapsulating a diverse
range of therapeutic agents—such as antibiotics, anti-inflammatory
drugs, nucleic acids, and antioxidants—and can be engineered
for controlled drug release, offering significant advantages in
sepsis therapy [128]. Furthermore, several organic nanocarriers,
particularly liposomes and PLGA-based nanoparticles, have
received Food and Drug Administration (FDA) approval for
use in other disease areas. This provides relatively established
regulatory pathways that could potentially accelerate their clini-
cal translation for sepsis [129]. However, the clinical translation
of organic biomaterials for sepsis still faces a series of challenges.
Rapid recognition and clearance by the mononuclear phagocyte
system (MPS) remain a major obstacle [130]. Despite the fact
that surface modification with PEG or other “stealth” coatings is
commonly employed to prolong circulation time, many organic
nanoparticles are still rapidly opsonized and recognized by com-
plement proteins and macrophages [131]. Concurrently, PEG
modification may trigger the production of anti-PEG antibodies,
leading to the accelerated blood clearance phenomenon and
complement activation-related pseudoallergy, a hypersensitivity
syndrome that poses significant clinical safety concerns [132].
Furthermore, while organic materials are readily engineered as
microenvironment-responsive systems, they also face challenges
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related to uncontrolled drug release. For instance, Zhao et al.
engineered immunostimulatory composite nanoparticles with
biphasic release characteristics (designated MDP + P-M@ALG)
to enhance anti-infective activity and eliminate invading patho-
gens. Within the MDP + P-M@ALG, the TLR agonist intended
for slow, sustained release during the immunosuppressive phase
of sepsis may undergo premature release or leakage due to the
complex pathological microenvironment. This could potentially
induce a hyperinflammatory state, thereby exacerbating septic
injury [120].

Inorganic nanomaterials (e.g., gold, silver, and manganese-
based nanoparticles) provide intrinsic antioxidant properties
that can be harnessed for sepsis therapy. Yet, their clinical trans-
lation is severely constrained by concerns over long-term tissue
retention and potential toxicity. For instance, manganese-based
systems like TMP, while effective at scavenging ROS and c¢fDNA,
risk accumulation in the basal ganglia, potentially inducing
neurotoxicity reminiscent of Parkinsonian syndromes [75].
Cerium-based nanoparticles, despite potent antioxidative activ-
ity, tend to precipitate with physiological phosphates and are
avidly taken up by the reticuloendothelial system, leading to
prolonged organ retention. Although strategies such as chelation
engineering (e.g., DTPA conjugation) or the design of ultrasmall,
renal-clearable particles have shown promise in mitigating these
effects [107], their long-term safety profiles in humans remain
largely unexplored.

Biomimetic platforms, particularly cell membrane-coated
nanoparticles and EVs, offer unparalleled advantages in immune
evasion, homologous targeting, and the ability to neutralize a
broad spectrum of inflammatory mediators. However, they face
some of the most daunting translational challenges. The produc-
tion of cell membrane-derived coatings or EVs at a clinical scale
is inherently complex and suffers from poor batch-to-batch
reproducibility, as membrane composition can vary with cell
culture conditions, passage number, and isolation methods
[96,133,134]. Efficient and consistent loading of therapeutic
cargoes into these vesicles remains technically challenging, often
resulting in low encapsulation efficiencies and heterogeneous
formulations. Furthermore, the regulatory classification of such
bio-derived products is ambiguous—should they be regulated
as drugs, biologics, or combination products? Rigorous charac-
terization of their immunogenicity and off-target effects is
required before clinical deployment [135].

Beyond material-specific hurdles, several cross-cutting issues
impede clinical translation. The in vivo fate of nanomedicines—
including their biodistribution, cellular uptake, metabolism, and
clearance pathways—is incompletely understood in the context
of sepsis, where organ dysfunction and altered hemodynamics
can dramatically shift these parameters. Long-term toxicity data
are scarce, particularly for novel materials or repeated dosing
regimens. Scalability and manufacturing reproducibility remain
major bottlenecks, especially for complex, multicomponent
nanoparticles. Finally, the regulatory landscape for nanomedi-
cines in sepsis is still evolving: there are no specific FDA or
European Medicines Agency guidelines tailored to sepsis nano-
therapeutics, and the lack of standardized characterization
methods complicates the comparison and evaluation of different
platforms [135]. Collectively, these challenges underscore that
the successful translation of sepsis nanomedicines requires a
holistic, mechanistic understanding of each material’s unique
characteristics and limitations—only by thoroughly elucidating
their behavior in the septic milieu, establishing robust safety
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profiles, and ensuring reproducible manufacturing can we har-
ness their therapeutic advantages while mitigating off-target
effects and toxicity. These underscore that the development of
sepsis nanomedicines requires a holistic approach that integrates
material design with rigorous assessment of manufacturability,
safety, and regulatory compliance.

Encouragingly, recent efforts toward clinical translation are
actively underway. A recent Phase Ila clinical trial has evaluated
the therapeutic application of phospholipid nanoparticles in
septic shock management. This investigational approach employs
a phospholipid nanoparticle platform to develop an intravenous
infusion system based on “VBI-S phospholipid nanoparticles”
The nanoparticles demonstrate reversible adsorption capacity
for scavenging excessive NO generated during septic episodes,
which consequently provides multiorgan protective benefits,
restores vascular reactivity to vasoactive agents, and enhances
microcirculatory perfusion and oxygen delivery efficiency. In
patients with refractory hypotension unresponsive to conven-
tional fluid resuscitation, VBI-S infusion resulted in a mean arte-
rial pressure (MAP) increase of >10 mmHg in 100% of patients.
Within 48 h, statistically significant improvements were observed
in oxygenation index, renal function, inflammatory markers,
lactate levels, coagulation parameters (PT/INR), and Sequential
Organ Failure Assessment scores, with no serious adverse events
reported. Furthermore, a clinical study is ongoing to evaluate
the synergistic immunomodulatory effects of nanoselenium
capsules combined with alanyl-glutamine for sepsis treatment
[136]. In this approach, nanoselenium leverages its antioxidant
properties to scavenge excessively produced ROS during sepsis,

thereby alleviating oxidative stress damage and suppressing
hyperinflammation. Concurrently, glutamine provides energy
support for proliferating and activated immune cells, promoting
lymphocyte proliferation and functional recovery. This strategy
aims to address the limitations of conventional sepsis therapies,
which often struggle to effectively reverse immune dysfunction
through anti-infective and organ support measures alone. These
examples, while limited, signal a gradual pivot toward clinically
translatable nanomedicine designs.

To summarize the main categories of biomaterial-based
nanomedicine strategies, we provide an overview of each mate-
rial type (organic, inorganic, and natural) and systematically
describe their therapeutic mechanisms, targeting efficiency,
immunomodulatory capacity, biodegradability, clearance rate
and potential toxicity, as well as key advantages and limitations
(Table 2).

Exploratory Cases of Early Smart Nanomaterials

Biomaterials, with their programmable physicochemical prop-
erties, microenvironment responsiveness, and biocompatibility,
offer a new avenue for the spatiotemporal management of sepsis.
Early smart nanomaterials have been reported to exhibit pre-
liminary “adaptive” or “programmable response” functionalities
in the context of sepsis or related inflammatory conditions.
Although these studies have not yet matured to clinical applica-
tion, they have established foundational directions for research in
smart materials. The complex pathological microenvironment of
sepsis has inspired the design of various stimuli-responsive

Table 2. Summary of biomaterial-based nanomedicine strategies for sepsis treatment

Representative Therapeutic
Material category systems mechanisms Key advantages Key limitations Ref.
Organic biomaterials  Antimicrobial Pathogen capture;  Ease to multitarget  Rapid clearance by [53-55], [78-81],
peptide nanofibers,  ROS scavenging; modification and the reticuloendothe- [120-128]
PLGA nanoparticles, inducing macro- stimuli-responsive lial system;
polymeric micelles,  phage polarization  design; high potential
liposomes (M1—M2); inducing  biocompatibility immunogenicity
neutrophil
apoptosis
Inorganic Gold nanoparticles,  Bacterial disrupting; High stability; high Poor biodegradabil- [59,70], [74,75],
biomaterials manganese-based ROS/cfDNA/ intrinsic antioxidant/ ity; long-term tissue [102,103]
nanoparticles hydrogen peroxide  catalytic properties  retention concerns
(TMP), cerium- scavenging; and RES uptake;
based nanoparticles, competitive neurotoxicity risk
carbon dots inhibition LPS
binding
Natural biomimetic Cell membrane- ROS scavenging; High targeting Poor batch-to-batch [57,82],[91,92],
materials coated NPs, inducing macro- capability and reproducibility; low [130-132]
extracellular vesicles phage polarization  biocompatibility; drug loading
(EVs), apoptotic (M1—>M2); low immunogenicity  efficiency

immunometabolic
reprogramming of
macrophage

bodies, cell therapy

PLGA, poly(lactic-co-glycolic acid); ROS, reactive oxygen species; TMP, nanoparticle containing tannic acid, manganese, and polymyxin B; LPS, lipopolysaccharide; NP,

nanoparticle
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nanosystems, including pH-responsive-, ROS-responsive-,
enzyme-responsive-, and pH/enzyme dual-responsive drug
release systems or nanoparticles, which are designed to respond
to specific pathological signals of sepsis.

For instance, Zhang et al. [60] developed a dual pH/enzyme-
responsive polymeric micelle system for sepsis treatment. The
polymer micelle, formed from a pH-sensitive copolymer serving
as the backbone, enables the encapsulation of the antibiotic cip-
rofloxacin and the anti-inflammatory agent TPCA-1, while its
surface is further functionalized with ICAM-1 antibodies to
achieve targeted delivery. Within the polymer micelle, the pH-
sensitive segments undergo conformational changes in response
to the acidic microenvironment of the infection site, whereas
enzyme-sensitive segments are cleaved by bacterial secretory
enzymes. This dual mechanism synergistically triggers drug
release at the infection site, thereby significantly reducing sys-
temic drug exposure while mitigating adverse effects arising
from nonspecific distribution of conventional antibiotics and
systemic delivery of anti-inflammatory agents. Xiong et al. [137]
constructed an enzyme-responsive nanogel drug delivery system
for differential delivery of antimicrobials to bacterial infection
sites. The system featured a polyphosphoester-crosslinked core
encapsulating antibiotics, functionalized with an HA for targeted
binding to the CD44 receptor expressed on macrophages. In this
design, HA mediated the active targeting of the nanogels to mac-
rophages at inflammatory sites. The polyphosphoester core was
specifically degraded by enzymes secreted by bacteria (e.g.,
phosphatases) within the bacterial infection microenvironment,
thereby triggering the precise release of the antibiotics. This
strategy enabled targeted delivery and enzyme-controlled release
of antibiotics specifically at bacterial infection sites, significantly
enhancing the inhibition of bacterial growth. Wang et al. [138]
developed ROS-responsive moxifloxacin-containing nanopar-
ticles (MXF/Oxi-aCD NPs) for targeted delivery to infected lung
tissue. This system was fabricated via a ROS-responsive material,
i.e., 4-(hydroxymethyl) phenylboronic acid pinacol ester-modified
a-cyclodextrin (Oxi-aCD), which was employed to encapsulate
the antibiotic moxifloxacin. Upon reaching inflammatory sites,
the locally high concentrations of ROS triggered the cleavage
of the sensitive bonds, leading to the release of the antibiotic at the
lesion site. This design achieved on-demand drug release specifi-
cally within the oxidative stress microenvironment, significantly
reducing inflammation-induced pulmonary edema and inflam-
matory cell infiltration. Similarly, Ha et al. [80] developed a gold
nanoparticle-photosensitizer hybrid system (AuNP-NSC) based
on a photothermal response strategy. This system utilized AuNPs
as the core, functionalized on the surface with NHCs and
siderophores. Within the AuNP-NSC, the siderophores enabled
specific targeting and entry into drug-resistant P. aeruginosa by
binding ferric ions; the NHC acted as stabilizing ligands, exhibit-
ing strong affinity for transition metals to form highly stable
complexes with AuNPs via covalent bonding. Upon NIR light
irradiation, the AuNPs generated localized hyperthermia and
mechanical vibrations, synergistically disrupting the bacterial
cell membrane and intracellular structures. Collectively, these
strategies underscore a change from nonresponsive passive
systems to smart stimuli-responsive platforms, enabling the
achievement of spatiotemporally controlled release within the
complex septic microenvironment.

However, current nanomedicine systems still face several
limitations: (a) the responsiveness is typically restricted to 1 or
2 triggers, which proves insufficient for capturing the complex,
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evolving sepsis microenvironment; (b) drug release kinetics of
nanomedicine may not align with the dynamic pathophysio-
logical timeline; (c) achieving sequential or differential release
of multiple cargoes remains challenging; and (d) long-term
in vivo stability, off-target activation risks, and manufacturing
scalability require further optimization. Nevertheless, these
exploratory studies substantiate the fundamental principle that
engineering materials capable of sensing and responding to the
disease microenvironment provide an opportunity for design-
ing more smart nanomaterial systems to adaptively respond to
microenvironment changes in the future.

Future Prospects and Challenges

This review systematically summarizes the recent advancements
in biomaterial-based strategies for sepsis treatment, especially
in immunomodulatory therapy. A diverse array of functional
nanomaterials has demonstrated remarkable potential for restor-
ing immune homeostasis and mitigating organ injury. These
materials are commonly employed for sepsis treatment through
multifaceted mechanisms, including pathogen and endotoxin
scavenging, precise modulation of immune cell functions (e.g.,
macrophages and neutrophils), preservation of vascular endo-
thelial integrity, and alleviation of immunoparalysis.

Core scientific and engineering challenges
in transitioning from single-function to

dynamic adaptation

The tunable physicochemical properties, microenvironmental
responsiveness, and inherent biocompatibility of nanomaterials
offer promising strategies for modulating sepsis with temporo-
spatial precision. However, despite significant advancements,
most existing biomaterials primarily focus on a single pathological
phase in sepsis therapy (e.g., targeting either pathogen clearance
or immune modulation alone). The pathological microenviron-
ment of sepsis exhibits high complexity, characterized by an initial
cytokine storm followed by late-stage immunosuppression. Thus,
these single treatment strategies remain a great challenge in
improving therapeutic efficacy against sepsis due to their poor
dynamic adaptability capacity. Future research should prioritize
the development of advanced smart materials with real-time
adaptive capabilities to respond to the dynamic microenviron-
mental changes across distinct pathological stages during sepsis
progression.

While the promise of intelligent adaptive nanomaterials is
evident, the transition from single-function systems to those
capable of dynamic multistage adaptation presents substantial
scientific and engineering challenges. First, the complexity of
material design increases. The integration of multiple respon-
sive elements, targeting ligands, and drugs into a single stable
construct necessitates advanced synthetic and assembly tech-
niques that frequently exhibit poor batch-to-batch reproduc-
ibility. Second, while our understanding of sepsis’s dynamic
pathophysiology has advanced, significant knowledge gaps
persist. Establishing precise thresholds for biomarkers (e.g.,
cytokine concentrations and redox balance) that distinguish
between distinct pathological phases presents methodological
challenges, which may result in suboptimal timing of thera-
peutic interventions. Third, maintaining an optimal equilib-
rium between safety and efficacy represents a critical challenge
in clinical translation. Overly complex materials may provoke
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progression. Furthermore, photothermal-regulated, photodynamic-regulated, or ultrasound-mediated immunoregulation may also synergistically recruit and enhance immune

cell activity through coordinated mechanisms restoring their effector functions.

unintended immune responses or accumulate in off-target
organs, whereas heightened responsiveness characteristics may
precipitate undesired drug release kinetics or premature mate-
rial degradation. These multifaceted challenges collectively
emphasize the imperative for cross-disciplinary synergies in
developing next-generation adaptive nanomaterials, with par-
ticular reliance on computational advancements provided by
sophisticated artificial intelligence (AI) algorithms.

Recent advances in Al and machine learning (ML) have
transitioned from conceptual speculation to concrete applica-
tions in nanomedicine design. For instance, researchers have
developed a pattern-generating sensor array termed “NanoSA”
by integrating a nanosensor array with ML algorithms for the
rapid identification of sepsis-causing bacteria [139]. This system
consists of a nanoassembly comprising 3 types of sensors, which
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generate 6-channel parallel sensing signals through intermo-
lecular fluorescence resonance energy transfer (FRET) effects.
After optimization using 9 ML algorithms, a multilayer percep-
tron (MLP) model was selected for pattern recognition and
classification of the multidimensional spectral data generated
by the sensors. This design achieved rapid identification of 24
sepsis-related bacterial species within just 30 s, with an accuracy
of 96.9%. When tested on clinical sepsis samples, the MLP
model demonstrated 97.6% accuracy in discriminating among
5 different bacterial infections. The sensor array also effectively
distinguishes bacterial infection types and concentration gra-
dients in different biological fluids, including serum and urine.
This approach addresses the limitations of traditional blood
culture methods, which are time-consuming (requiring 24
to 72 h) and prone to contamination, as well as the clinical
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challenge of identifying polymicrobial infections, thereby pro-
viding an efficient tool for rapid pathogen diagnosis in sepsis.

In another related study, a computational framework for opti-
mizing the design of biomimetic nanosponges was developed
by integrating computational pharmacology with ordinary dif-
ferential equation (ODE)-based kinetic modeling [140]. This
framework comprises an ODE kinetic model and a multiparam-
eter optimization algorithm. An ODE kinetic model based on
the law of mass action was first developed to simulate the com-
petitive inhibition kinetics between biomimetic “nanosponges”—
nanoparticles coated with erythrocyte membranes—and natural
red blood cells for S. aureus a-toxin. Parameter sweeping was
subsequently performed on nanoparticle radius and receptor
surface density to identify the design window that maximizes
toxin neutralization efficiency. This design enabled precise pre-
diction and optimization of the kinetic characteristics of biomi-
metic nanosponges. Simulation results revealed that receptor
surface density, rather than geometric surface area, is the primary
determinant of “decoy” efficiency. The theoretical toxin neutral-
ization efficiency within the optimal design window reached
91.79%. This work overcomes the limitations of traditional bio-
mimetic nanoparticle development, which relies on empirical itera-
tion and struggles to optimize competitive binding kinetics under
high-flow hemodynamic conditions, thereby providing a compu-
tational framework for the rational design of next-generation
nanotoxoid therapeutics.

Future prospects

Future efforts may focus on designing intelligent, adaptive
nanoparticles to achieve effective management across the full
course of sepsis. Advanced Al technologies can be employed to
facilitate high-throughput screening of optimal targeting and
adaptability moieties, predict material-biointerface interactions,
and optimize critical parameters such as size, surface chemistry,
and release kinetics. This intelligent system is capable of dynami-
cally adapting to the complex pathophysiology of sepsis. In the
design and training of surface chemistries, the surface of the
nanoparticles could be functionalized with multiple targeting
ligands to respond to an excessive inflammatory and immuno-
suppressive microenvironment. In the design and training of
nanoparticle topologies, training and developing multiple shells
and multistimuli-responsive nanoparticles may provide an alter-
native prospect. Within these nanoparticles, the outer shells can
be engineered to load antimicrobial agents, while the inner core
permits loading of immunomodulators. This structural configu-
ration enables autonomous adaptation to dynamic microenvi-
ronmental shifts through sequential drug release mechanisms.
During the initial phase of cytokine storm development, when
these nanoparticles respond to pathogens and inflammation, the
exterior-loaded antimicrobial agents are preferentially released
to suppress pathogen proliferation and mitigate inflammatory
responses. Subsequently, during the late-stage immunosuppres-
sive state, the nanoparticles respond to immunosuppressive cues
by releasing their core-loaded immunomodulators, which act to
reprogram immune cell function and restore effective immune
surveillance. Moreover, these functional adaptive nanoparticles
can be engineered as stimulus-responsive systems (e.g., photo-,
ultrasound-, or ROS-sensitive materials), facilitating on-demand
release of secondary therapeutics upon exposure to specific exog-
enous stimuli or endogenous signals (e.g., pH, enzymes, and
ROS). In addition, photothermal, photodynamic, or ultrasound-
mediated immunoregulation may be integrated to recruit and
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potentiate immune cells through synergistic mechanisms that
restore their effector functions. These multifunctional intelligent
platforms are anticipated to enable closed-loop management
by dynamically responding to microenvironmental alterations
across distinct pathological phases during sepsis progression,
thereby substantially enhancing therapeutic outcomes and clini-
cal prognosis in septic patients (Fig. 14).
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