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Abstract: Sepsis is a life-threatening systemic inflammatory syndrome, typically triggered by infection, that can lead to multi-organ 
failure and high mortality rates. Traditional treatments for sepsis often have limited efficacy and significant side effects, necessitating 
the exploration of innovative therapeutic strategies. In recent years, the application of nanotechnology in sepsis therapy has garnered 
widespread attention due to its potential to modulate immune responses, reduce inflammation and oxidative stress, and eliminate 
bacterial toxins. This review aims to provide an overview of the latest advancements, challenges, and future prospects of nanotechnol-
ogy in sepsis treatment. By analyzing recent developments in anti-inflammatory, immunomodulatory, antioxidant, and detoxification 
applications of nanotechnology, key findings and therapeutic potential are summarized, including the use of nanocarriers, biomimetic 
nanoparticles, and self-assembled nanomaterials. Furthermore, this review addresses the challenges in clinical translation, such as drug 
targeting, long-term safety, and biocompatibility. Future research will require large-scale clinical trials and interdisciplinary collabora-
tion to validate the efficacy of nanotechnology in sepsis treatment and facilitate its integration into clinical practice. Overall, 
nanotechnology presents unprecedented opportunities for sepsis management, and this review seeks to offer insights into ongoing 
research while promoting further advancements in this field. 
Keywords: sepsis, MODS, nanotechnology, nanomedicine delivery methods, nanoimmunotherapy

Introduction
Currently, sepsis is defined as a state in which the body’s reaction to infection becomes unregulated, leading to 
potentially fatal dysfunction of organs. ICU patients worldwide are progressively dying as a result of this.1,2 The 
World Health Organization (WHO) recognizes sepsis as a significant threat to both patient well-being and public health. 
Between 1990 and 2017, there were documented 49 million instances of sepsis worldwide, leading to 11 million 
fatalities. These fatalities caused by sepsis were 19.7% of the total number of deaths globally.3 Thus, sepsis remains 
a prominent global health issue with potentially lethal consequences, requiring focused endeavours, especially in the 
domains of timely identification and the adoption of inventive and effective treatment approaches.

Timely identification and prompt medical treatment are essential for enhancing clinical results and decreasing 
mortality in sepsis.4–6 The main emphasis of sepsis management guidelines is on three key areas: (1) maintaining stable 
blood flow, (2) controlling the infection, and (3) regulating the body’s response to sepsis.7–9 Additional procedures 
encompass non-specific techniques to support organ function, such as administering oxygen therapy, employing mechan-
ical breathing, providing hemodynamic support, administering corticosteroids, and utilizing renal replacement 
therapy.6,10–12 The treatment of sepsis requires a combination of different therapeutic techniques depending on the 
severity of the condition. Mild cases with failure in a single organ may only require moderate supportive care, while 
cases with dysfunction in many organs may require more invasive treatments.13,14 Wide-ranging antibiotics are essential 
in treating sepsis, but the development of resistance in pathogens presents considerable difficulties, leading to a notable 
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rise in fatality rates.15–17 Aside from antimicrobial drugs, other supplementary treatments such as synthetic antimicrobial 
peptides, anti-inflammatory medications, immunomodulators, blood purification, and antioxidants have demonstrated 
certain advantages in improving sepsis survival.9,18–21 However, these alternative medicines have not shown optimal 
efficacy in clinical practice. Possible causes of these differences may involve alterations in medication distribution caused 
by sepsis, which can negatively impact the effectiveness and safety of treatment and increase the likelihood of treatment 
failure or the development of resistance.22,23 Additional obstacles that impact the effectiveness of treatment include the 
limited duration of pharmacological activity, the absence of selectivity for certain tissues or cells, and the inadequate 
solubility in water and absorption of anti-inflammatory medicines and antioxidants. Moreover, several medications, 
specifically peptide-based drugs, demonstrate substantial anti-inflammatory properties when tested in laboratory condi-
tions (in vitro). However, these compounds are unable to provide the same effects when tested in living organisms 
(in vivo) due to their breakdown by enzymes within cells.24,25

Current research is actively exploring nanotechnology-based ways to address the limits of existing treatment methods 
for sepsis. These approaches have shown significant potential in both the detection and treatment of sepsis.25,26 

Nanoparticles (NPs) have distinct physicochemical properties, including size, shape, and a high surface area-to- 
volume ratio, which enable them to circulate in the body for longer periods and achieve more precise distribution. 
This enhances their antimicrobial, anti-inflammatory, and antioxidant effects.27–30 Furthermore, NP surfaces can be 
modified to accomplish desired effects on particular cell types.31–33 Several polymer and carrier components, both 
organic and inorganic, have shown antibacterial and anti-inflammatory characteristics when used in nano-systems. This 
offers extra advantages in addressing problems related to antibiotic resistance.29,34 The supplementary and cooperative 
antimicrobial effects assist in tackling difficulties in medication therapy and can also be utilized as a component of 
measures to decrease antibiotic consumption.35 Hence, nano-based technologies offer a framework for advancements in 
various domains, including precise medication administration, mitigating drug-induced side effects, and improving 
therapeutic effectiveness, as well as efficient diagnosis and treatment of sepsis.36,37 Several studies have shown 
encouraging outcomes of using nanoparticle-based and nanoformulation-based therapies for sepsis in both laboratory 
and animal models. Therefore, it is necessary to conduct a comprehensive evaluation of innovative sepsis therapy 
approaches utilizing nanotechnology.

This study aims to offer a thorough examination of nano-therapeutics and nano-technological preventive measures in relation 
to their potential for treating sepsis. Initially, we will revise the agreed-upon definition of sepsis and investigate its underlying 
physiological processes, along with the difficulties encountered in identifying and managing sepsis. In the following, we will 
provide a concise overview of the most recent advancements in nanoformulations that are applicable to the treatment of sepsis. 
Ultimately, we will highlight the possibilities and capacity of these goods in enhancing the results of sepsis treatment.

Definition of Sepsis
The understanding of sepsis has undergone substantial changes over time. In 1991, the American College of Chest Physicians 
and the Society of Critical Care Medicine established definitions for systemic inflammatory response syndrome (SIRS), 
sepsis, severe sepsis, and septic shock.2 Early definitions of sepsis described it as systemic inflammatory response syndrome 
(SIRS) resulting from infection. Severe sepsis was identified by the presence of organ dysfunction, hypoperfusion, or 
hypotension even after receiving sufficient fluid resuscitation. Septic shock was characterized by arterial hypotension despite 
adequate fluid resuscitation.2 Since then, there have been multiple modifications to the definition of sepsis. In 2016, sepsis was 
redefined according to the “Sepsis-3” criteria.1,38 The new definition states that sepsis is a condition where the body’s response 
to infection becomes disordered, leading to life-threatening organ dysfunction. This definition highlights the fact that the 
body’s response to infection can be dangerous even beyond the infection itself and emphasizes the need for timely 
diagnosis.11,39,40 Septic shock is a condition characterized by vasodilation and distributive shock. Clinically, it is characterized 
as sepsis accompanied by ongoing low blood pressure that necessitates the use of vasopressors to maintain a mean arterial 
pressure (MAP) of at least 65 mmHg, while receiving sufficient fluid resuscitation. Additionally, it is identified by a serum 
lactate level over 2 mmol/L (or 18 mg/dL).19 The current definition emphasizes the seriousness associated with sepsis, stating 
that sepsis is caused by invasive infections and results in an uncontrolled reaction from the host.41
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The Pathophysiology of Sepsis
The pathophysiology of sepsis is currently known to consist of an early phase characterized by excessive inflammation, 
which is then followed by a subsequent period of immune suppression.38,42 The mortality rate among septic patients is 
highest during two specific periods. The first phase, known as the early peak phase, usually lasts for a few days. 
The second phase, called the immune suppression phase, can last for weeks to months.43,44 The primary cause of early 
death in sepsis is typically related to excessive inflammation, sometimes referred to as the “cytokine storm”. This 
condition is marked by symptoms such as high temperature, unresponsive shock, insufficient resuscitation, and failure of 
the heart or lungs.12,42 Subsequent fatalities occur as a result of prolonged weakening of the immune system and 
subsequent infections, ultimately leading to damage or malfunction of organs12,43,44 (Figure 1). Due to improvements in 
sepsis treatment and critical care abilities, the risk of early death has been greatly reduced. However, patients may still 
die as a result of extended periods of weakened immune systems and dysfunction that can last for months or even 
years.41,45 Hence, it is imperative to possess a comprehensive comprehension of the pathophysiological processes 
associated with inflammatory imbalance and the pathological conditions of immune suppression that ultimately result 
in patient fatality, in order to effectively decrease mortality rates.

Based on the most recent consensus, it is widely recognized that gaining a thorough understanding of the mechanisms 
that cause an imbalance in the immune response is an essential and crucial stage.46 In the initial phases of sepsis, the 
inflammatory process consists of several sequential events that trigger the cytokine “cascade” effect.47 When pathogens 
invade, macrophages engulf them and release a sequence of pro-inflammatory cytokines, which activate the innate 

Figure 1 Pathophysiological changes caused by infection-induced sepsis. Reproduced from Liu D, Huang SY, Sun JH, et al. Sepsis-induced immunosuppression: mechanisms, 
diagnosis and current treatment options. Mil Med Res. 2022;9(1):56. Copyright 2022, Springer Nature. This article is licensed under a Creative Commons Attribution 4.0 
International License.12
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immune system and initiate a chain reaction of cytokines.47 The activation of the innate immune system is primarily 
carried out by pattern recognition receptors (PRRs). These receptors can specifically identify damage-associated 
molecular patterns (DAMPs) or pathogen-associated molecular patterns (PAMPs). Once recognized, the immune cells 
are activated and the expression of genes related to pro-inflammatory cytokines is increased.48 PAMPs largely consist of 
external factors derived from pathogens, such as lipopolysaccharide (LPS). On the other hand, DAMPs predominantly 
encompass internal factors that are released by injured cells, such as high mobility group box 1 (HMGB-1) protein. 
Binding to specific pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs), C-type lectin receptors 
(CLRs), RIG-I-like receptors (RLRs), and NOD-like receptors (NLRs), triggers the activation of downstream signaling 
pathways.48–50 One of these pathways involves myeloid differentiation factor 88 (MyD88), which in turn activates c-Jun 
N-terminal kinase (JNK), extracellular signal-regulated kinase 1/2 (ERK1/2), p38 mitogen-activated protein kinase 
(MAPK), and nuclear factor-kappa B (NF-κB) pathways. This activation leads to the release of pro-inflammatory 
mediators, including cytokines, chemokines, interferons, reactive oxygen species (ROS), and reactive nitrogen species 
(RNS). The purpose of this acute inflammation response is to control pathogens and facilitate tissue repair.51,52 Severe 
systemic inflammation, known as sepsis, can occur as a result of exaggerated responses caused by the genetic makeup of 
the host and/or the ability of the pathogen to evade the immune system.51,53 Soluble cytoplasmic pattern recognition 
receptors (PRRs), such as nucleotide-binding oligomerization domain-like receptors (NLRs), also play a role in the 
immunological imbalance caused by sepsis.54 NLRs, which consist of nucleotide-binding oligomerization domain (NOD) 
and leucine-rich repeat (LRR) domains similar to TLRs, are involved in the regulation of inflammation. They interact 
with the adaptor protein receptor-interacting protein kinase 2 (RIP2), also known as RICK, resulting in the activation of 
NF-κB and AP-1. On the other hand, other NLRs such as NLRP and NLRC4 are responsible for the formation of 
inflammasomes.55 As an illustration, the NLRP3 inflammasome breaks down pro-caspase-1 into active caspase-1, which 
then breaks down pro-IL-1β and pro-IL-18, leading to the production of pro-inflammatory cytokines.56 The CLR family, 
which consists of Dectin, DC-SIGN, and mannose-binding lectin, is classified as the third class of PRRs.57 Dectin 
triggers the production of reactive oxygen species (ROS) by activating Src and Syk kinases, leading to inflammatory 
reactions. On the other hand, DC-SIGN plays a role in identifying Leishmania, viruses, and fungi, and its effects are 
carried out through signaling pathways that are mediated by Raf-1.58 These events trigger the “inflammatory state”, 
which activates leukocytes, complement, and coagulation pathways. This leads to the disruption of endothelial, cellular, 
and cardiovascular functions, which are characteristic hallmarks of sepsis.45,59 Sepsis causes disturbances in the 
immunological and neuroendocrine systems, which disrupt the normal balance of cellular energy metabolism and affect 
the function of endothelium and epithelial cells. This ultimately leads to dysfunction at the organ level.46,60

The extended period of immune suppression is an intricate and multifaceted process triggered by unregulated cellular 
apoptosis, which is the main cause of immune suppression in sepsis.12 The immune system’s ability to fight off infections 
is compromised in sepsis due to various mechanisms. These mechanisms include alterations in HLA-DR, decreased 
replication of lymphocytes, activation of programmed cell death (apoptosis), heightened production of anti-inflammatory 
chemicals, and enhanced activity of inhibitory receptors and ligands on cells12,45 (Figure 1). The emergence of 
immunological imbalance in sepsis has been associated with excessive death of immune cells,61 pyroptosis62,63 and 
ferroptosis.64,65 Nevertheless, neutrophil death occurs at a relatively late stage, while Treg cells exhibit greater resistance 
to apoptosis produced by sepsis.66 Determining whether sepsis is in the first stage of excessive inflammation or the later 
stage of immune suppression is a difficult and unresolved task. Thus, considering our present comprehension of the 
pathophysiology of sepsis, biomarkers, such as expression patterns, can assist in categorizing patients into more uniform 
categories or devising specific treatment strategies.

Management and Challenge in Treating Sepsis
Managing sepsis is a multifaceted and demanding undertaking. Although there are guidelines based on evidence for 
treating sepsis, there is still a shortage of specific therapeutic drugs that have been shown effective.42,67 The management 
of sepsis encompasses various components, such as prompt resuscitation, utilization of vasoactive medications, provision 
of ventilatory assistance, evaluation of steroid therapy, maintenance of glycemic control, administration of anticoagulants 
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and anti-inflammatory agents, among other interventions.5,68,69 Nevertheless, despite these therapeutic standards, there 
are still numerous obstacles that continue to exist in clinical practice.

Effective fluid management is essential in the treatment of sepsis, however, it remains difficult to determine the 
precise type and volume of fluids that should be administered. Overly generous administration of fluids can result in 
reduced flexibility of the arteries, leading to the widening of blood vessels and an overly active condition, which can have 
a negative impact on the functioning of organs.70,71 In order to ensure stable blood flow, it is often advised to administer 
vasopressors promptly, with norepinephrine being the preferred choice for individuals experiencing septic shock. 
Nevertheless, the safety and optimal dosage of the majority of vasopressors are still uncertain, despite the fact that 
using a combination of many additional drugs with norepinephrine treatment has proven to be beneficial in managing 
severe septic shock.72 Antibiotic treatment is essential in managing sepsis, and a delay in administering the right 
antibiotics is linked to higher fatality rates in sepsis. Nevertheless, additional investigation is needed to determine the 
correlation between the timing of antibiotic administration and negative consequences.73–75 Furthermore, the efficiency 
of antibiotic therapy is influenced by various aspects, including microbiological analytical sampling, the immune and 
organ functioning status of the patient, the pharmacokinetics of different antibiotics, and the potential creation of 
biofilm.76 These considerations require the creation of customized anti-infection tactics. Sepsis patients frequently 
experience immunological failure, rendering them vulnerable to secondary infections, such as those caused by multidrug- 
resistant bacteria.66 Hence, it is necessary to employ targeted approaches to reinstate the functionality of the immune 
response. These approaches may involve the utilization of several supplementary treatments, such as the suppression of 
pro-inflammatory cytokines, immunological modulation, and antioxidant medicines.67,77,78 To summarize, managing 
sepsis is a multifaceted undertaking that necessitates comprehensive treatment options and vigilant monitoring. 
Subsequent investigations have the potential to offer novel insights and approaches to enhance the likelihood of survival 
and recovery for those suffering from sepsis.

The Potential Role and Mechanisms of Nanomedicine in Sepsis Treatment
The rise of multidrug-resistant germs exacerbates the challenge and reduces the success rate of sepsis treatment. The 
growing emphasis towards the possible application value of nanotechnology in the field of antimicrobial resistance is due 
to the sluggish development of new effective antibiotics, along with the associated dangers and uncertainties.79 

Nanotechnology enables the creation and production of drug carriers at the nanoscale, which enhances the effectiveness 
of delivering antibiotics.80,81 In comparison to conventional antibiotics, nanotechnology has several advantages. It 
enables the targeted delivery of medications to infection sites within living organisms, resulting in reduced drug wastage 
and lower biological toxicity. Additionally, nanotechnology enhances the effectiveness of antibiotics and allows for lower 
dosages to be administered.82,83 In addition, nanoparticle formulations have the ability to extend the amount of time that 
antibiotic carriers remain in the body, serving as controlled release systems that decrease the frequency of dosing and 
enhance the effectiveness of treatment.84 Metal and metal oxide nanoparticles can have antimicrobial effects through 
multiple mechanisms, such as disrupting protein function, physically destroying cell structures, generating reactive 
oxygen species, depleting antioxidants, damaging cell membranes, interfering with nutrient absorption, and depho-
sphorylating tyrosine residues. These actions alter signal transduction and inhibit bacterial growth.60,85–87(Figure 2)

Utilizing Nanoparticles to Formulate Antibiotics
The 2016 International Guidelines for Management of Sepsis and Septic Shock highlight the importance of promptly 
administering potent antibiotics with a wide range of effectiveness, such as carbapenems or broad-spectrum β-lactamase 
inhibitors, as part of combination therapy.88 Nevertheless, these medications exhibit certain drawbacks in their actual 
implementation, including resistance and a brief duration of action. Several studies have discovered that chitosan 
nanoparticles containing meropenem have advantages in terms of preservation and also demonstrate greater antibacterial 
effectiveness compared to unbound drugs in laboratory experiments. In a sepsis rat model of Klebsiella pneumoniae 
pneumonia, notable enhancements were observed in terms of survival and elimination of bacteria.89 Gold nanoparticles 
enhance the effectiveness of carbapenem antibiotics (imipenem and meropenem) by increasing their specificity and 
safety, while also preventing the development of bacterial resistance to carbapenems.84 Vancomycin-loaded nanoparticles 
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made of poly(lactic-co-glycolic acid) were created using an oil-in-water double emulsion technique. These nanoparticles 
were designed to be taken up by endothelial cells and effectively inhibit the growth of Staphylococcus aureus bacteria 
within the cells. This approach resulted in a considerable reduction in intracellular bacterial growth.90 Ascorbic acid 
stearate (AS) was used as a powerful inhibitor of hyaluronidase to create vancomycin-loaded solid lipid nanoparticles 
(VCM-AS-SLNs). These nanoparticles were developed to have biomimetic and enzyme-responsive properties, allowing 
them to effectively bind to vancomycin and prevent its harmful effects even at lower drug concentrations. In addition, the 
use of silicon dioxide nanoparticles (SNPs) greatly increases the effectiveness of vancomycin in killing bacteria91 

(Figure 3A). Conversely, many research have endeavoured to enhance the control of the immune response elicited by 
sepsis through the targeting of infection sites and the simultaneous administration of antibiotics and anti-inflammatory 
medications in specific contexts. An experiment was conducted to test the effectiveness of nanoparticles built of 
copolymers that are sensitive to pH and bacterial enzymes. These nanoparticles were loaded with antibiotics (cipro-
floxacin) and anti-inflammatory drugs ((2-[(aminocarbonyl)amino]-5-(4-fluorophenyl)-3-thiophenecarboxamide) to treat 
sepsis. The results of the experiment showed that these nanoparticles efficiently eased sepsis, as shown in (Figure 3B).92 

Other methods that are similar involve using nanoparticles (NPs) that contain antibiotics (sparfloxacin, SFX) and 
immunosuppressants (tacrolimus, TAC) with a broad range of effectiveness. These nanoparticles are designed to attach 
specifically to intercellular adhesion molecule-1 (ICAM-1), which is found in high levels on the surface of inflamed 
endothelial cells. By doing so, they effectively reduce inflammation and immune responses in mice with acute pulmonary 
infections93 (Figure 3C). This strategy also showcases the ability to specifically target sepsis-related objectives. Prior 
research has utilized porous poly(ε-caprolactone) nanoparticles for the purpose of administering a combination of 
antibiotics and antioxidant-based anti-inflammatory medications.94 Using nanoparticles to provide antibiotics can have 

Figure 2 Overview of the pathophysiological process of sepsis and nanotechnology-based sepsis treatment strategies. Reproduced from Zhao Y, Pu M, Zhang J, et al. Recent 
advancements of nanomaterial-based therapeutic strategies toward sepsis: bacterial eradication, anti-inflammation, and immunomodulation. Nanoscale. 2021;13(24):10726– 
10747. © Royal Society of Chemistry 2021.79
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Figure 3 (A) I. Schematic illustration of the synthesis of SNP. II. Functionalization with aminopropyl groups. III. Functionalization with propyl methyl phosphonate groups. IV. Functionalization 
with octadecyl methyl groups. Reproduced from Ndayishimiye J, Cao Y, Kumeria T, Blaskovich MAT, Falconer JR, Popat A. Engineering mesoporous silica nanoparticles towards oral delivery 
of vancomycin. J Mater Chem B. 2021;9(35):7145–7166. © The Royal Society of Chemistry 2021.91 (B) I. Design and bio-functionalization of IME-responsive nanoparticles (NPs) for targeted 
drug delivery. II. Schematic of multifunctional NP design. III. Drug-loaded NPs-anti-ICAM-1 specifically target activated endothelial cells at infection sites after intravenous injection, binding to 
them, crossing blood vessels, and releasing drugs in response to local infection signals. IV. Structure and pH/enzyme-sensitive amphiphilic block copolymers. V. Coarse-grained simulation of 
CIP-PMs self-assembly using DPD methods. Reproduced from Zhang CY, Gao J, Wang Z. Bioresponsive nanoparticles targeted to infectious microenvironments for sepsis management. Adv 
Mater. 2018;30(43):e1803618. © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.92 (C) γ3 peptide grafted onto nanoparticle (NP) surfaces enhances uptake by activated 
endothelial cells (ECs) and specifically targets the lungs to alleviate inflammation. I. Schematic of the preparation of γ3 peptide-modified PLGA NPs loaded with SFX and TAC. II. Schematic of 
targeted therapy in mice with lung infection via intravenous injection of NPs. III. Digital images of lungs from mice with acute lung injury (ALI) infection treated with different formulations. IV. 
H&E sections of lungs from ALI mice receiving different treatments. V. Digital images of plated lungs from mice with acute lung infection caused by Pseudomonas aeruginosa receiving different 
treatments. VI. Colony-forming unit (CFU) counts. VII. Survival rate of different groups. I: PBS, II: free SFX, III: free TAC, IV: free S + T, V: PLGA/S + T, VI: γ3-PLGA/S + T. Data are shown as 
mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001. Reproduced from Yang Y, Ding Y, Fan B, et al. Inflammation-targeting polymeric nanoparticles deliver sparfloxacin and tacrolimus for 
combating acute lung sepsis. J Control Release. 2020;321:463–474. Copyright © 2020 Elsevier B.V. All rights reserved.93
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several advantages compared to regular antibiotics. These include targeted distribution, increased effectiveness against 
microorganisms, regulated release, reduction of inflammation, and reduced development of resistance. Nevertheless, 
further research and clinical trials are necessary to ascertain the efficacy and safety of its implementation. (Table 1)

Nanoformulations of Antimicrobial Peptides
Antibacterial peptides (AMPs) are viewed as effective remedies for infections caused by multidrug-resistant (MDR) 
bacteria and biofilm-related diseases. This is because they possess strong antibacterial properties without promoting 
bacterial resistance.95,96 Antimicrobial peptides (AMPs) differ from conventional antibiotics in that they employ various 
ways to eliminate germs, hence minimizing the likelihood of bacterial resistance. The initial interaction involves 
electrostatic interactions between the negatively charged bacterium membranes. Subsequently, the bacterial membrane 
is disrupted through hydrophobic interactions with membrane phospholipids, finally resulting in bacterial death. This 
versatile mechanism mitigates the likelihood of bacterial resistance to antimicrobial peptides (AMPs) and is seen as 
a promising alternative for addressing illnesses caused by bacteria that are resistant to multiple drugs95–97 (Figure 4A). 
Nevertheless, antimicrobial peptides (AMPs) encounter obstacles such as breakdown by bacterial proteases and incon-
sistent pharmacokinetic characteristics. Nanotechnology can address challenges such as cytotoxicity, proteolytic degra-
dation, and target site efficiency.94,96 (Figure 4B)

Recently developed structured nanoengineered antimicrobial peptide polymers (SNAPPs) have been found to 
effectively kill Gram-negative bacteria. This is because they contain arginine and valine residues, which destabilize 
the outer membrane of the bacteria. As a result, ions are able to penetrate through the cytoplasmic membrane without 
regulation, leading to the activation of apoptotic-like death pathways and ultimately causing the death of the bacteria98 

(Figure 4C). Hence, SNAPPs could offer a viable remedy for combating infections caused by antibiotic-resistant Gram- 
negative bacteria. Fan et al (2015) created liposomes that included a combination of the short antimicrobial peptide 
S-Thanatin (Ts) and the antibiotic levofloxacin. These liposomes were referred to as Ts-LEV-LPs. The study discovered 
that the combination of levofloxacin and Ts had a synergistic impact at certain concentrations. This resulted in 
a significant decrease in mortality and rapid elimination of bacteria in a mouse model that was infected with clinically 
multidrug-resistant (MDR) isolates99 (Figure 4D). Several processes have been suggested, such as the specific delivery of 
antimicrobial peptides, increased permeability through liposomes, alteration of the structure of bacterial cytoplasmic 

Table 1 A Summary of Utilizing Nanoparticles to Formulate Antibiotics

Nanoparticle Type Chemical Modifications Function Reference

Chitosan Nanoparticles Contain meropenem Increased antibacterial effectiveness and preservation, 
survival improvement in a sepsis rat model

[89]

Gold Nanoparticles Unmodified (used with carbapenem 

antibiotics)

Enhances specificity and safety of carbapenem antibiotics, 

prevents bacterial resistance

[84]

Vancomycin-loaded Poly(lactic- 

co-glycolic acid) Nanoparticles

Oil-in-water double emulsion 

technique

Target endothelial cells, inhibit intracellular growth of 

Staphylococcus aureus
[90]

Vancomycin-loaded Solid Lipid 
Nanoparticles (VCM-AS-SLNs)

Ascorbic acid stearate (AS) used as 
a hyaluronidase inhibitor

Biomimetic and enzyme-responsive properties, binds 
vancomycin, reduces harmful effects at lower 

concentrations

[91]

Silicon Dioxide Nanoparticles 
(SNPs)

Combined with vancomycin Increases effectiveness of vancomycin in killing bacteria [91]

pH and Bacterial Enzyme- 
sensitive Nanoparticles

Loaded with ciprofloxacin and anti- 
inflammatory drugs

Eases sepsis, dual action of antibiotics and anti- 
inflammatory drugs

[92]

Nanoparticles with Antibiotics 

and Immunosuppressants

Contain sparfloxacin (SFX) and 

tacrolimus (TAC), target ICAM-1

Reduces inflammation and immune responses, effective in 

acute pulmonary infections

[93]

Porous Poly(ε-caprolactone) 

Nanoparticles

Loaded with antibiotics and 

antioxidant-based anti- 

inflammatory drugs

Provides targeted delivery, regulated release, reduces 

inflammation and resistance

[94]
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membranes, and regulated release of drugs. These mechanisms work together to produce a synergistic effect.99 

Nevertheless, in vitro experiments are unable to completely replicate in vivo settings. Although AMPs show great 
promise, they nevertheless encounter obstacles in their use in therapeutic settings, including non-specific effects and the 
possibility of damage to host cells.98 (Table 2)

Figure 4 (A) Schematic presentation of the antibacterial mechanism of AMPs. Reproduced from Zhang R, Xu L, Dong C. Antimicrobial peptides: an overview of their 
structure, function and mechanism of action. Protein Pept Lett. 2022;29(8):641–650. Copyright© Bentham Science Publishers.97 (B) I. Illustration of a passive nanosystem, 
demonstrating antimicrobial peptide delivery into an infected cell. II. Illustration of an active nano system demonstrating antimicrobial peptide delivery into an infected cell. 
Reproduced from Biswaro LS, da Costa Sousa MG, Rezende TMB, Dias SC, Franco OL. Antimicrobial peptides and nanotechnology, recent advances and challenges. Front 
Microbiol. 2018;9:855. Copyright © 2018 Biswaro, da Costa Sousa, Rezende, Dias and Franco. This is an open-access article distributed under the terms of the Creative 
Commons Attribution License (CC BY).94 (C) I. Synthesis of SNAPPs by ring-opening polymerization of lysine and valine N-carboxyanhydrides (NCAs), with poly-
(amidoamine) (PAMAM) dendrimer terminal amines as initiators. II. Comparison of the antibacterial mechanisms of typical membrane-disrupting cationic antimicrobial 
peptides (AMPs) and SNAPPs against Gram-negative bacteria. a. Cationic AMPs bind to the outer membrane (OM) of Gram-negative bacteria via electrostatic interactions, 
penetrate the OM through membrane destabilization, and disrupt the cytoplasmic membrane (CM) physical integrity via “barrel-stave”, “toroidal pore”, or “carpet” 
mechanisms (not shown). b. SNAPPs, whether aggregated or not, interact with the OM, peptidoglycan (PG), and CM layers of Gram-negative bacteria via electrostatic 
attraction, destabilizing/disrupting the OM and potentially the CM, leading to uncontrolled ion movement and cell death through apoptosis-like pathways (not shown). 
Reproduced from Lam SJ, O’Brien-Simpson NM, Pantarat N, et al. Combating multidrug-resistant Gram-negative bacteria with structurally nanoengineered antimicrobial 
peptide polymers. Nat Microbiol. 2016;1(11):16162. Copyright © 2016, Macmillan Publishers Limited.98 (D) I. Schematic of Ts-LPs-LEV preparation. II. Schematic of Ts-LPs- 
LEV bactericidal process. III. Kaplan–Meier survival curve representing mortality data of levofloxacin formulations in a multidrug-resistant (MDR) clinical isolate-induced 
septic shock model. Reproduced from Fan X, Fan J, Wang X, Wu P, Wu G. S-thanatin functionalized liposome potentially targeting on Klebsiella pneumoniae and its 
application in sepsis mouse model. Front Pharmacol. 2015;6:249. Copyright © 2015 Fan, Fan, Wang, Wu and Wu. This is an open-access article distributed under the terms 
of the Creative Commons Attribution License (CC BY).99
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Other Antimicrobial Nanoformulations
Due to the growing resistance of bacteria to typical antibiotic formulations, it is necessary to search for alternative 
antimicrobial agents derived from natural sources.111 In addition to the previously stated nanoantibiotic formulations and 
antimicrobial peptides, there has been an increased interest in antimicrobial chemicals derived from natural sources, as well as 
metal and metal oxide nanoparticles107 (Figure 5A) chemicals found in medicinal and aromatic plants (MAPs), specifically 
terpenes and aromatic chemicals such as carvacrol, eugenol, cinnamaldehyde, and β-caryophyllene, have been acknowledged 
for their capacity to fight against microorganisms.107–109 Aromatic compounds display potent antibacterial properties as 
a result of their phenolic, aldehydic, and olefinic constituents. Furthermore, the combination of these molecules produces 
synergistic effects.110 Nevertheless, their tendency to rapidly change and their limited capacity to dissolve in water result in 
reduced availability for biological processes. In order to address these problems, Montagu et al (2014) documented the 
creation of lipid nanocapsules (LNCs) for the purpose of enclosing lipophilic active substances like cinnamaldehyde and 
eugenol.105 Despite the need for surface modification and functionalization to specifically target bacteria, these nanoformula-
tions have not yet shown enhanced antibacterial activity in living organisms.

Conversely, metal and metal oxide nanoparticles, often known as “nanoantibiotics”, have a wide range of antibacterial 
effects and bacteria have a relatively hard time developing resistance to them100,101 (Figure 5B and C). Nanoparticles can 
eliminate germs by multiple processes, such as membrane breakage, protein denaturation, and DNA damage. Silver 
nanoparticles are a prime illustration,103 and they demonstrate significant antibacterial effectiveness against clinically 
resistant pathogens in both planktonic and biofilm phases.104,105 Nevertheless, the use of these applications in living 
organisms is still difficult due to concerns regarding safety. The researchers have altered the silver nanoparticles on the 
surface of amine-functionalized Cu-MSN by coordinating them with silver ions and then further reducing them to silver 
nanoparticles using formaldehyde. The affinity interactions between copper metal and curcumin strengthen the mesopor-
ous structure of Cu-MSN, leading to an increase in the release dynamics of silver ions when exposed to light. This, in 
turn, results in the generation of significant quantities of reactive oxygen species (ROS). This increases the effectiveness 
of killing antibiotic-resistant Escherichia coli102 (Figure 5D). These ternary nanohybrids showcase a novel photodynamic 
deactivation technique that can be used as an alternative to antibiotics for combating resistant Escherichia coli. Moreover, 
diamond nanoparticles (NDs) have demonstrated significant promise in several biomedical settings as a valuable 
material. The glucose-modified nanodiamonds (NDs) were discovered to be highly efficient in disrupting the survival 
of Staphylococcus aureus, but they did not have any impact on the growth of Escherichia coli. In contrast, particles that 
include lactose units have a contrary effect on the proliferation of Staphylococcus aureus.106 This unique and infrequent 
technique still requires additional investigation in the future.

Table 2 Nanoformulations of Antimicrobial Peptides

Nanoparticle Type Chemical 
Modifications

Function Reference

Metal Nanoparticles Surface functionalization  

(eg, amine groups)

Broad antibacterial activity, disruption of bacterial 

membranes, protein denaturation, and DNA 

damage

[100–102]

Silver Nanoparticles Coordination with silver 

ions, reduction methods

High effectiveness against resistant pathogens in 

both planktonic and biofilm states

[103,104]

Lipid Nanocapsules (LNCs) Encapsulation of 
lipophilic compounds

Enhanced solubility and stability of antimicrobial 
compounds (eg, eugenol, cinnamaldehyde)

[105]

Structured Nanoengineered Antimicrobial Peptide 

Polymers (SNAPPs) Nanoparticles (VCM-AS-SLNs)

Incorporation of specific 

amino acids  
(arginine, valine)

Effective against Gram-negative bacteria by 

destabilizing membranes and facilitating ion 
penetration

[98]

Diamond Nanoparticles (NDs) Glucose and lactose 

modifications

Selective disruption of certain bacteria (eg, 

Staphylococcus aureus, but not Escherichia coli)

[106]

Natural Source-derived Antimicrobial 

Compounds

Encapsulation in 

nanoparticles

Synergistic antibacterial effects from terpenes and 

aromatic compounds

[107–110]
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To summarize, antimicrobial chemicals derived from natural sources and metal nanoparticles have the potential to serve as 
effective antimicrobial agents, offering a possible solution to the problem of bacterial resistance. Nevertheless, additional 
investigation is necessary to tackle concerns like as bioavailability, targeting, and safety in order to establish these methods as 
feasible alternatives for clinical therapy. Nanoformulations offer significant benefits in addressing microbial resistance, 
particularly in terms of their ability to effectively distribute throughout the body and administer targeted treatments. (Table 3)

Nanotechnology and Anti-Inflammatory, Immunomodulatory
The dysregulated pro-inflammatory and anti-inflammatory responses, impaired inflammation resolution, and sustained 
inflammation are important factors in both the acute and chronic stages of sepsis. It is believed that suppressing cytokine 

Figure 5 (A) Summary of natural extracts from various natural sources, including plants, animals, or microbial species, for antibacterial applications. Reproduced from Chen 
C, Chen L, Mao C, et al. Natural extracts for antibacterial applications. Small. 2024;20(9):e2306553. © 2023 Wiley-VCH GmbH.107 (B) Schematic of the synthesis of metal 
nanoparticles/nanocellulose composite materials. I. Simple mixing of cellulose source with prepared inorganic nanoparticles. II. Synthesis of nanoparticles using an external 
reducing agent. III. Synthesis of nanoparticles through surface modification of nanocellulose. IV. Synthesis of nanoparticles using nanocellulose itself without an external 
reducing agent. (C) Illustration of the synthesis of CNC/Ag composite nanoparticles. Reproduced from Oun AA, Shankar S, Rhim JW. Multifunctional nanocellulose/metal 
and metal oxide nanoparticle hybrid nanomaterials. Crit Rev Food Sci Nutr. 2020;60(3):435–460. Rights managed by Taylor & Francis.100 (D) I. Schematic of surface 
modification of Curcumin and SNP-immobilized Cu-MSN and their possible antibacterial mechanism. II. TEM images of Cur-Cu-MSN-SNP samples, scale bars: (a) 50 nm and 
(b) 200 nm. Reproduced from Kuthati Y, Kankala RK, Busa P, et al. Phototherapeutic spectrum expansion through synergistic effect of mesoporous silica trio-nanohybrids 
against antibiotic-resistant gram-negative bacterium. J Photochem Photobiol B. 2017;169:124–133. opyright © 2017 Elsevier B.V. All rights reserved.102
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storms after immune cell activation could be an effective treatment for sepsis.112 The inflammatory response in sepsis is 
triggered by the activation of pathogen-associated molecular patterns (PAMPs) or danger-associated molecular patterns 
(DAMPs) such as peptidoglycan, lipopolysaccharides, and bacterial DNA, which in turn activate inflammatory 
pathways.10,21 Throughout this procedure, pro-inflammatory cytokines such as IL-6, IL-8, and TNF-α are discharged 
into the extracellular space, resulting in persistent inflammation. Higher levels of these pro-inflammatory substances are 
strongly linked to a negative patient outlook, and suppressing the excessive release of cytokines can enhance the 
prognosis of individuals with sepsis.62,113,114 Nanotechnology is essential in understanding the underlying mechanisms 
of sepsis, namely in regulating the inflammatory and anti-inflammatory responses mediated by cytokines. This knowl-
edge opens up several possibilities for future therapeutic interventions79,115,116 (Figure 6A).

TLR4 functions as a receptor that facilitates increased cellular activation and the release of inflammatory 
mediators.118 Experimental studies conducted both in vitro and in vivo have shown that anti-TLR4 nanobodies have 
a significant impact on reducing the production of inflammatory cytokines and improving animal survival rates. These 
nanobodies are particularly effective when the C-terminal and middle domains are in a closed state117 (Figure 6B). 
Particles derived from poly(lactic-co-glycolic acid) (PLGA) and poly(lactic acid) (PLA) exhibit strong immunomodu-
latory capabilities that are influenced by their molecular weight, polymer composition, and charge. These properties 
include the reduction of co-stimulatory molecule production and cytokine release caused by TLR. Particles synthesized 
utilizing the anionic surfactant poly(ethylene glycol)-maleic acid (PEMA) effectively reduce the responses of antigen- 
presenting cells to TLR4 (lipopolysaccharide) and TLR9 (CpG-ODN) agonists. These particles demonstrate a wide- 
ranging inhibitory effect on both external and intracellular TLR ligands. Nanoparticles made from poly(lactic acid) 
(PLA) and PEMA (PLA-PEMA nanoparticles) have a strong negative charge and show improved anti-inflammatory 
effects. They are able to reduce the expression of co-stimulatory molecules and pro-inflammatory cytokines (such as IL- 
6, MCP-1, and TNF-α) that are induced by TLR. These effects are more pronounced compared to nanoparticles made 
with polyvinyl alcohol (PVA)119 (Figure 7A–C). Moreover, macrophages have a vital function in protecting the host 
against infections and in the development of sepsis-related immune system dysfunction. Several studies utilize different 
design tactics, such as surface functionalization, modulation of monocyte/macrophage recognition of nanoparticles, and 
their phagocytosis, to control their activity in sepsis, addressing shortcomings in conventional methods120 (Figure 8A–C).

Cao et al developed a technique using a membrane-cloaked metal-organic framework (MOF) to deliver plasmid DNA 
(pDNA) as a treatment for sepsis.121 The antimicrobial gene LL37 was successfully enclosed within pH-responsive 
Metal-Organic Frameworks (MOFs) and adapted to be compatible with the membranes of macrophages. The process of 
macrophage membrane coating enables the specific delivery of LL37 to macrophages, resulting in the creation of 
macrophage factories that continuously produce antimicrobial peptides. Nanoparticles that have been transformed with 
primary bone marrow mesenchymal stem cell-derived macrophage membranes have been found to greatly improve the 
survival of immunodeficient septic mice. This is achieved through a combination of synergistic gene therapy and the 
extraction of inflammatory cytokines. The effectiveness of this approach is demonstrated in Figure 5B and has been 
shown to be much better than using bare nanoparticles alone121 (Figure 9A–D). The combination of curcumin (Cur) and 
cerium oxide (CeO2) incorporated into octenyl succinic anhydride (OSA) functionalized chitosan nanoparticles 

Table 3 Summary of Antimicrobial Nanoformulations

Nanoparticle Type Chemical Modifications Function Reference

Antimicrobial 
Peptides (AMPs)

Short peptides with strong antibacterial 
properties without promoting resistance

Effective against MDR bacteria; encounter 
challenges like proteolytic degradation

[95–97]

SNAPPs Nanoengineered peptides targeting Gram- 

negative bacteria

Effective in inducing apoptotic-like death pathways 

in bacteria

[98]

Metal and Metal 

Oxide Nanoparticles

Includes silver nanoparticles with broad 

antibacterial effects

Difficult for bacteria to develop resistance; 

concerns over safety in clinical applications

[100,101,103,104]

Natural Compounds Antimicrobial compounds from medicinal 
plants (eg, carvacrol, eugenol)

Display potent antibacterial effects; encapsulation 
enhances stability and bioavailability

[105,107–111]
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(Cur@Ce/OCS) creates a medication delivery method for sepsis that is responsive to changes in pH. Experimental results 
conducted in living organisms show that OCS NPs containing CeO2 lower the amount of germs in sepsis models and 
effectively decrease inflammation. This enhances their potential as a treatment for pulmonary infections, as demonstrated 
in the study122 (Figure 9E). Nano-parthenolide (PTL) has gained significant attention as a therapy approach for sepsis in 
recent years. Both ordinary PTL and nano-PTL improve the survival and survival time of septic rats by increasing the 
levels of 5-HTR2A, reducing mean arterial pressure and serum inflammatory cytokine levels, protecting liver and kidney 
function, increasing transmembrane resistance (TEER) values, and decreasing extracellular oxidative stress (ROS) and 
apoptosis. Nano-PTL demonstrates superior performance compared to ordinary PTL123 (Figure 10A–D). Ultimately, 
nanoparticles have the capacity to cure sepsis by regulating immune responses and inhibiting excessive inflammatory 
reactions, hence potentially enhancing patient survival rates.

Tumor necrosis factor (TNF)-related apoptosis-inducing ligands (TRAIL) is a commonly employed therapeutic 
strategy that induces programmed cell death in inflammatory cells by activating the extrinsic apoptosis pathway.124 

Figure 6 (A) I. Approaches for the design and fabrication of diverse stimuli-responsive biomaterials and their utilization in the formulation of stimuli-responsive nano- 
delivery systems. R, S, and COO- are ROS-responsive moieties. II. Strategies for designing and fabricating biomimetic nanoparticles targeting sepsis microenvironments. 
Ismail EA, Devnarain N, Govender T, Omolo CA. Stimuli-responsive and biomimetic delivery systems for sepsis and related complications. J Control Release. 
2022;352:1048–1070. Copyright © 2022 Elsevier B.V. All rights reserved.115 (B) I. Nano-antibody production process using phage display technology. II. Effect of 
administration times on survival rate of rats. Reproduced from Liao S, Liu S, Zhang Y. Preparation of anti toll-like receptor-4 nano-antibody and its effect on gram negative 
sepsis. J Nanosci Nanotechnol. 2021;21(2):1048–1053. Copyright 2021, American Scientific Publishers.117
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Figure 7 (A) Synthesis and characterization of immunomodulatory particles. I. The particles are formulated from polymers with different molecular weights (low or high), 
compositions (glycolic acid (GA) and lactic acid (LA)), or surfactants (PVA or PEMA). II. Measurements of particle size and zeta potential. III. The interaction kinetics between particles 
and bone marrow-derived macrophages (BMMØs) depend on the emulsifying surfactant. (B) Particles regulate innate inflammatory responses. I. Schematic of cytokine inhibition assay. 
II. Inhibition of inflammatory cytokine production in BMMØs treated with particles (300 μg/mL) and stimulated with 100 ng/mL LPS. III. Particle-induced inhibition of BMMØ cytokine 
production is dependent on particle and LPS concentration. IV. Evaluation of live cell surface marker expression in BMMØs by flow cytometry. (C) Intravenous injection of PLA particles 
alters cytokine responses of splenocytes to LPS and CpG-ODN stimulation in mice. I. Evaluation of inflammatory cytokine secretion by splenocytes. II. Cytokine secretion after in vitro 
stimulation with LPS (100 ng/mL). III. Cytokine secretion after in vitro stimulation with CpG-ODN (100 ng/mL). Cytokines were measured by ELISA after 2 days of culture. Reproduced 
from Casey LM, Kakade S, Decker JT, et al. Cargo-less nanoparticles program innate immune cell responses to toll-like receptor activation. Biomaterials. 2019;218:119333. © 2019 
Elsevier Ltd. All rights reserved.119

https://doi.org/10.2147/IJN.S488026                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2025:20 7698

Liu et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



The use of antimicrobial peptide-crosslinked nano-gels containing TRAIL can effectively suppress Klebsiella pneumo-
niae infection and regulate the activity of overactivated macrophages. Administering TRAIL-nano-gels to mice with 
sepsis substantially increases their lifespan and decreases the number of germs in their bloodstream.125 Neutrophils have 
a crucial role in the immunological response of the host to sepsis.126 Sepsis is believed to be caused by either 
overstimulation or malfunction of neutrophil function.127,128 Exerting precise control over the process of neutrophil 
death can effectively resolve inflammation and reinstate a state of immunological homeostasis. Zhang et al developed 
protein nanoparticles (NPs) that are coupled with doxorubicin (DOX). These NPs have the ability to specifically target 
inflammatory neutrophils in their natural location, deliver DOX into the cells, and trigger apoptosis (cell death) in the 
neutrophils. The acidic milieu within neutrophils induces the release of DOX, thereby impeding neutrophil migration and 

Figure 8 (A) Interaction of nanoparticles (NPs) with macrophages and the regulation of macrophage pro/anti-inflammatory functions by NPs. (I) Upon entering the body, NPs bind 
to plasma proteins and are internalized by macrophages. NPs are endocytosed into endosomes, degraded, and then released extracellularly to exert their active effects; other 
endosomes fuse with lysosomes to form endolysosomes, exerting intracellular effects. (II) First, NPs can eliminate macrophage activation by phagocytosis and restriction of 
pathogen-associated molecular patterns (PAMPs); second, they inhibit the interaction between PAMPs and pattern recognition receptors (PRRs); third, NPs that enter the 
cytoplasm inhibit the transmission of inflammatory signaling pathways; finally, NPs inhibit the release of active products from inflammatory pathways, controlling cell and tissue 
damage caused by overactivated macrophages. (III) NPs modulate the pro-inflammatory activity of macrophages. NPs can enhance PRR activation to initiate macrophage 
inflammatory responses. Once in the cytoplasm, NPs activate downstream pathways and inflammasomes to induce the production of pro-inflammatory factors. NPs, nanoparticles; 
PAMPs, pathogen-associated molecular patterns; ROS, reactive oxygen species; ILs, interleukins; TNFs, tumor necrosis factors; MAPK, mitogen-activated protein kinase; NF-kB, 
nuclear factor-κB. (B) Regulation of macrophage polarization by nanoparticles (NPs). M1-type macrophages typically function during the cytokine storm phase of sepsis, releasing 
large amounts of pro-inflammatory mediators, including reactive oxygen species (ROS), interferons (IFNs), interleukins (ILs), and tumor necrosis factors (TNFs). In contrast, M2- 
type macrophages usually appear during the immune paralysis phase, secreting anti-inflammatory mediators, most notably IL-10. During excessive inflammatory stimulation, the 
continuous release of pro-inflammatory mediators by M1-type macrophages causes damage to the body, whereas, during immune paralysis, excessive activation of M2-type 
macrophages increases the risk of secondary infections. NPs can modulate macrophage polarization at different stages of sepsis to improve prognosis. NPs, nanoparticles; ROS, 
reactive oxygen species; ILs, interleukins; IFNs, interferons; TNFs, tumor necrosis factors. (C) Interference of macrophage pyroptosis by nanoparticles (NPs). NPs can block the 
activation of caspase-1 and caspase-4/5/11, reducing the release of DAMPs (damage-associated molecular patterns) and preventing unnecessary tissue and cell damage. NPs, 
nanoparticles; LPS, lipopolysaccharide; IL-1b, interleukin-1b; DAMPs, damage-associated molecular patterns; GSDMD, gasdermin D. Reproduced from Song C, Xu J, Gao C, Zhang 
W, Fang X, Shang Y. Nanomaterials targeting macrophages in sepsis: a promising approach for sepsis management. Front Immunol. 2022;13:1026173. Copyright © 2022 Song, Xu, 
Gao, Zhang, Fang and Shang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY).120
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Figure 9 (A) Design, synthesis, and hypothesized mechanism of macrophage membrane-coated MOFs (MMD-LL37) for delivering pLL37 in the treatment of sepsis. (I) MMD-LL37 inhibits 
potential inflammatory responses in sepsis by adsorbing pro-inflammatory cytokines. (II) Homologous targeting and intracellular delivery of antibacterial plasmids. (III) Transfection with the 
LL37 plasmid induces macrophages to act as “factories” for continuous LL37 production. (IV) Systematic elimination of bacteria hidden within macrophages and circulating in the 
bloodstream. (B) Representative images of blood plate colonies at 24 hours and 48 hours post-treatment. (C) Bacterial load in the blood at 24 hours and 48 hours post-administration. (D) 
Survival rate of septic mice under different treatment regimens. Reproduced from Cao H, Gao Y, Jia H, et al. Macrophage-membrane-camouflaged nonviral gene vectors for the treatment of 
multidrug-resistant bacterial sepsis. Nano Lett. 2022;22(19):7882–7891. Copyright © 2022 American Chemical Society.121 (E) (I) Design and schematic illustration elaborating the 
formulation of curcumin and CeO2-loaded nanoformulations for the treatment of lung infectious sepsis. (II) Histopathological observations of lung tissue with H&E and MTS staining 
20 hours post-treatment following Pseudomonas aeruginosa infection. (III) Observations of the therapeutic potential of curcumin-loaded Ce/OCS nanoparticles in lung sections of induced 
bacterial sepsis; (a) Survival rate of mice in the peritonitis-induced sepsis model after treatment with different nanoformulations, (b) white blood cell count, (c) TNF-α, (d) IL-1β, (e) IL-6, and (f) 
protein content in peritoneal fluid after treatment with different formulations (including control (PBS), free curcumin, Ce/OCS, and Cur@Ce/OCS nanoparticles). Reproduced from Teng L, 
Zhang Y, Chen L, Shi G. Fabrication of a curcumin encapsulated bioengineered nano-cocktail formulation for stimuli-responsive targeted therapeutic delivery to enhance anti-inflammatory, 
anti-oxidant, and anti-bacterial properties in sepsis management. J Biomater Sci Polym Ed. 2023;34(12):1716–1740. Rights managed by Taylor & Francis.122
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Figure 10 (A) The schematic diagram illustrating the mechanism of the therapeutic effect of Nano PTL on intestinal barrier function after sepsis. (B) Representative 
microscopic images of H&E-stained intestinal sections (scale bar, 100 µm, n=8 per group). (C) (I and II) Intestinal Evans Blue (EB) leakage after treatment with Nano PTL 
(n=8 per group). (III) D-lactate levels in septic rats. (D) Protective effect of Nano PTL on septic rats. (I) Survival rate. (II) Survival time of each group. Reproduced from Guo 
NK, She H, Tan L, et al. Nano parthenolide improves intestinal barrier function of sepsis by inhibiting apoptosis and ROS via 5-HTR2A. Int J Nanomed. 2023;18:693–709. © 
2023 Guo et al. Dove Medical press, Creative Commons Attribution – Non Commercial.123
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inflammatory reactions. DOX-conjugated nanoparticles (NPs) have a notable impact on the survival of mice with sepsis 
and protect the brain from injury during cerebral ischemia/reperfusion. Importantly, this effect is achieved without 
compromising the overall immunological function of the body.129 (Table 4)

Despite the potential benefits of anti-inflammatory medication in enhancing the treatment of sepsis, its practical implementa-
tion remains difficult. Nanotechnology presents a novel method that has the potential to overcome resistance and address other 
challenges in the treatment of sepsis. Nevertheless, the clinical implementation of this treatment still requires the resolution of 
concerns regarding toxicity, efficacy of drug administration, and long-term safety. Hence, forthcoming investigations must tackle 
these concerns in order to further the pragmatic implementation of nanotechnology in the treatment of sepsis.

Nanotechnology and Antioxidants in Sepsis
Multiple studies have demonstrated the potential advantages of different antioxidants, including vitamins C and E, 
polyphenols, melatonin, β-glucans, N-acetylcysteine, mitochondria-targeted antioxidants (MitoQ, MitoE, and 
dimethylthiourea-related peptides), selenium salts, and organic selenium compounds, in enhancing oxidative stress and 
sepsis outcomes.130,131 The protective effects of melatonin are of particular interest since it inhibits NF-κB and NLRP3 
inflammasome activation.132,133 Nevertheless, melatonin’s therapeutic potential is hindered by its brief half-life (t1/2) and 
limited bioavailability.134 In 2012, Volti et al discovered that Poly-D, l-lactic-co-glycolic acid (PLGA [NP-A]) and 
polyethylene glycol-co-(poly-D, l-lactic-co-glycolic acid) (PLGA-peg [NP-B]) were utilized to create nanocarriers 
containing melatonin at a dosage of 10 mg/kg. During sepsis, melatonin demonstrates notable antioxidant properties 
and can be enhanced through targeted drug delivery systems.135 Nano-curcumin (NC) has been found to decrease 
inflammation indicators and safeguard endothelial function in septic patients during clinical study. Additionally, it has 
been observed to drastically diminish oxidative stress markers such as malondialdehyde (MDA), nuclear factor-2 (Nrf-2), 
catalase, and superoxide dismutase (SOD).136,137

Stimuli-responsive drug delivery systems are now being used as additional treatments for sepsis.138 Cerium oxide 
nanoparticles exhibit remarkable efficacy in the removal of reactive oxygen species (ROS) and have been utilized in the 
management of illnesses associated with ROS139–141 (Figure 11A and B). Nevertheless, cerium oxide nanoparticles 
cannot specifically target mitochondria, and ultra-small cerium oxide nanoparticles tend to form aggregates. To address 
these limitations and enhance the effectiveness of therapy, Yu et al made alterations to cerium oxide nanoparticles by 
including triphenylphosphine (TCeria NPs). Additionally, they applied a ROS-responsive organic polymer (mPEG-TK- 
PLGA) to coat the cerium oxide nanoparticles and loaded them with atorvastatin (Atv/PTP-TCeria NPs). Atv/PTP- 
TCeria nanoparticles aggregate specifically in the kidneys and possess potent drug-release capabilities that are responsive 

Table 4 Nanotechnology in Anti-Inflammatory and Immunomodulatory Applications

Nanoparticle Type Chemical Modifications Function Reference

Anti-TLR4 Nanobodies Closed C-terminal and 
middle domains

Reduces production of inflammatory cytokines, improves survival 
rates in sepsis models

[117,118]

PLGA and PLA 

Nanoparticles

Varying molecular weights 

and charges

Immunomodulatory capabilities, reduces co-stimulatory molecule 

production and cytokine release

[119]

Membrane-Cloaked MOFs pH-responsive Metal-Organic 

Frameworks

Delivers plasmid DNA to macrophages for antimicrobial peptide 

production

[121]

Cur@CeO2-OSA Chitosan 
Nanoparticles

Octenyl succinic anhydride 
functionalization

pH-responsive drug delivery, reduces inflammation and bacterial 
load in sepsis models

[122]

Nano-Parthenolide (PTL) Nanoformulation of PTL Improves survival rates, decreases inflammatory cytokines, and 

protects organ function

[123]

TRAIL-Crosslinked Nano- 

gels

Antimicrobial peptide 

incorporation

Induces apoptosis in inflammatory cells, suppresses Klebsiella 

pneumoniae infection

[124,125]

DOX-Conjugated Protein 

Nanoparticles

Targeting inflammatory 

neutrophils

Delivers doxorubicin to neutrophils, triggers apoptosis while 

maintaining overall immune function

[129]
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to reactive oxygen species (ROS). On the other hand, TCeria nanoparticles target mitochondria to effectively reduce 
excessive ROS. Laboratory experiments have demonstrated that Atv/PTP-TCeria nanoparticles exhibit favourable 
antioxidant and anti-apoptotic properties. Atv/PTP-TCeria NPs have been shown in in-vivo experiments to significantly 
decrease oxidative stress and inflammatory reactions caused by sepsis in AKI mice. They also safeguard the structure of 
cellular mitochondria, reduce the death of renal tubular cells, and prevent renal tubular necrosis142 (Figure 11C). In 

Figure 11 (A) Schematic illustration of the synthesis, antibacterial mechanism, and regulation of macrophage polarization by CeO2@Ce6 nanocomposites for the 
treatment of periodontal disease. The enhanced antibacterial efficiency of CeO2@Ce6 may rely on ROS produced by aPDT and the inherent antibacterial activity of CeO2. 
Nanocomposites containing CeO2 exhibit SOD- and CAT-mimetic activities, capable of scavenging excess ROS by switching between Ce(III) and Ce(IV) states. CeO2@Ce6 
nanocomposites can actively modulate macrophage polarization from the pro-inflammatory M1 phenotype to the anti-inflammatory (regenerative) M2 phenotype. Ce6: 
chlorin e6; aPDT: antimicrobial photodynamic therapy; ROS: reactive oxygen species; SOD: superoxide dismutase; CAT: catalase. (B) Schematic images illustrating the shift 
of macrophage polarization between the M1 phenotype and the M2 phenotype with the regulation of regenerative functions. Zhou X, Zhou Q, He Z, et al. ROS balance 
autoregulating core-shell CeO(2)@ZIF-8/Au nanoplatform for wound repair. Nanomicro Lett. 2024;16(1):156. Copyright © 2024, The Author(s). Creative Commons CC 
BY license.141 (C) Schematic diagram of Atv/PTP-TCeria NPs used for acute kidney injury (AKI). Atv/PTP-TCeria NPs can be passively targeted to the kidney and release the 
drug in response to high levels of ROS, while TCeria NPs target mitochondria to scavenge excess ROS, thereby improving AKI. Reproduced from Yu H, Jin F, Liu D, et al. 
ROS-responsive nano-drug delivery system combining mitochondria-targeting ceria nanoparticles with atorvastatin for acute kidney injury. Theranostics. 2020;10(5):2342– 
2357. Creative Commons Attribution License.142 (D) Schematic illustration depicting the on-demand delivery of melatonin to the liver during sepsis and its mechanism for 
reducing excess ROS and inflammation. Reproduced from Chen G, Deng H, Song X, et al. Reactive oxygen species-responsive polymeric nanoparticles for alleviating sepsis- 
induced acute liver injury in mice. Biomaterials. 2017;144:30–41. Copyright © 2017 Elsevier Ltd. All rights reserved.143
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a study conducted in 2017, Chen et al discovered that self-assembled NP created from polyethylene glycol (PEG) and 
polypropylene sulfide (PPS) diblock copolymers have the potential to be highly efficient drug delivery systems due to 
their ability to respond to active oxygen. mPEG-b-PPS-NPs demonstrate biocompatibility and are superior in mitigating 
oxidative stress, inflammatory response, and eventual liver injury compared to equal amounts of unbound medications143 

(Figure 11D). The research findings suggest that the use of antioxidants and nanotechnology could offer potential 
advancements in the treatment of oxidative stress and sepsis. (Table 5) However, additional research is required to 
confirm their clinical applicability.

The Application of Nanotechnology in the Removal of Toxins
Bacteria can secrete several toxins that can bind to specific receptors on host cells, resulting in injury to the host.144,145 

The mechanisms include membrane contact, which results in structural disruption, interference with membrane-related 
activities and signal transduction, as well as interference with intracellular processes such as protein synthesis.146 

Bacterial infections often release cholesterol-dependent cytolysins (CDCs), α-hemolysins, or bacterial phospholipase 
C toxins. These toxins function as pore-forming toxins, causing harm to the membranes of host cells. They play a crucial 
role in the development of infectious disorders.147 At present, different techniques such distillation, ethylene oxide 
treatment, filtering, and irradiation are employed to eliminate endotoxins from contaminated materials. However, these 
treatments have a low reduction efficiency and pose obstacles.148 Current detoxification methods, such as antiserum, 
monoclonal antibodies, small molecule inhibitors, and molecularly imprinted polymers, work by specifically targeting the 
molecular structure of toxins. However, these methods have limitations in terms of their effectiveness in neutralizing 
toxins and require customized treatments for different diseases148,149 (Figure 12A and B). Nevertheless, nanoparticles 
possess inherent attributes such as extended circulation durations and the capacity for engaging with numerous poisons, 
instilling optimism for addressing this issue150 (Figure 12C).

Another method entails the use of biomimetic toxin nanosponges, which enhance the stability of nano-sponges by 
creating a polymer core and then enveloping them with natural red blood cell membranes. This allows them to effectively 
absorb different types of pore-forming toxins. Hu et al developed a biomimetic poison nanosponge that acts as a decoy for 
toxins in living organisms. The nanosponges are composed of a central polymeric nanoparticle enclosed by red blood cell 
membranes. These membranes have the ability to absorb toxins that interfere with cell membranes and redirect them away 
from their intended cellular targets. In a murine model, nanosponges effectively mitigated the toxicity of Staphylococcus 
aureus alpha-toxin (α-toxin), leading to improved survival rates in mice that were intoxicated.149 Koo et al developed 
biomimetic “nanosponges” by encapsulating donor red blood cells (RBCs) around a polymer core. These nanoparticles have 
a receptor library similar to host cells, allowing them to effectively trap and neutralize a wide range of bacterial toxins, host 
pro-inflammatory chemokines, and cytokines. This strategy demonstrates significant potential in mitigating infections151 

(Figure 13A). Studies have demonstrated that this approach effectively safeguards mice from deadly methicillin-resistant 
Staphylococcus aureus (MRSA) infection caused by full-secreted protein (wSP). It achieves this by minimizing lung damage 
and blocking the activation of splenic nuclear factor kappa B152 (Figure 13B). Researchers have recently created 

Table 5 Nanotechnology and Antioxidants in Sepsis

Nanoparticle Type Chemical Modifications Function Reference

Melatonin PLGA and PEG-PLGA 
Nanocarriers

Antioxidant properties, targeted delivery to enhance 
bioavailability

[135]

Nano-Curcumin Nanoformulation of curcumin Reduces inflammation indicators, protects endothelial 

function

[136,137]

Cerium Oxide Nanoparticles ROS-responsive modifications Efficient in removing reactive oxygen species (ROS) [139–141]

Atv/PTP-TCeria NPs Modified cerium oxide 

nanoparticles

Specific kidney targeting, responsive drug release 

capabilities

[142]

Self-assembled PEG-PPS 

Nanoparticles

PEG and PPS diblock 

copolymers

Active oxygen-responsive drug delivery systems [143]
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nanoparticles by surrounding polymer cores with macrophage cell membranes. These nanoparticles have antigenic surfaces 
that are identical to the cells they came from. These nanoparticles mimic macrophages and effectively bind and destroy 
endotoxins, therefore limiting immunological activation. In addition, these nanoparticles with macrophage-like properties 
effectively separate pro-inflammatory cytokines and prevent them from promoting the cascade responses of septicemia. In 
a mouse model of Escherichia coli bacteremia, the administration of simulated macrophage nanoparticles (MΦ-NPs) resulted 
in a decrease in levels of pro-inflammatory cytokines, inhibited the spread of germs, and eventually improved the survival 
rate of infected mice153 (Figure 13C). Shen et al used a hydrothermal technique to create Fe3O4 nanoparticles that were 
modified with polyethyleneimine (PEI). They then generated Fe3O4@MMs nanoparticles by pressing Fe3O4 nanoparticles 
and macrophage cell membranes together through a 100-nm porous polycarbonate membrane. Nanoparticles, which were 
created to target and reduce LPS, were found to have a substantial impact on the immune response in mice treated with 
endotoxin. These nanoparticles reduced inflammation reactions, improved survival rates154 (Figure 13D). Disulfiram (DSF) 
has the potential to be used in the treatment of inflammatory illnesses. Lactoferrin (LF) is a glycoprotein with multiple 
functions, including strong antibacterial and anti-inflammatory properties. It can neutralize toxins in the bloodstream and 
stimulate cellular responses. Ou et al created a nano-system called DSF-LF NP, which combines the immune-suppressive 

Figure 12 (A) (I) Schematic and the actual structure of the system. Schematic representation of the structure of toxin nanosponges and their mechanism for neutralizing pore-forming 
toxins (PFTs). (II) TEM (transmission electron microscopy) images of nanosponges mixed with α-toxin (scale bar, 80 nm) and an enlarged view of a single toxin-adsorbed nanosponge 
(scale bar, 20 nm). Samples were negatively stained with uranyl acetate before TEM imaging. (B) In vivo toxin neutralization. (I–III) Skin lesions in mice three days after injection with α- 
toxin. (IV–VI) No skin lesions in mice injected with α-toxin/nanosponge mixture. Each group had n = 6 mice. Reproduced from Hu CM, Fang RH, Copp J, Luk BT, Zhang L. A biomimetic 
nanosponge that absorbs pore-forming toxins. Nat Nanotechnol. 2013;8(5):336–340. Copyright © 2013, Springer Nature Limited.149 (C) Antibacterial effect of AuNS100 on biofilms of 
V. cholerae adhering to epithelial surfaces. (I) Schematic illustration of V. cholerae interacting with villi in the inner mucus layer to form an intestinal biofilm. (II–IV) Microscopic images of 
small intestine sections from mice infected with V. cholerae before and after treatment. Reproduced from Chatterjee T, Saha T, Sarkar P, Hoque KM, Chatterjee BK, Chakrabarti P. The 
gold nanoparticle reduces Vibrio cholerae pathogenesis by inhibition of biofilm formation and disruption of the production and structure of cholera toxin. Colloids Surf B Biointerfaces. 
2021;204:111811. Copyright © 2021. Published by Elsevier B.V.150
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actions of DSF and LF. DSF-LF nanoparticles efficiently inhibit macrophage apoptosis and the secretion of inflammatory 
cytokines. DSF-LF nanoparticles exhibit a substantial therapeutic impact on sepsis produced by lipopolysaccharide (LPS). 
DSF-LF-NPs have the ability to efficiently inhibit macrophage-mediated inflammatory responses and enhance the treatment 

Figure 13 (A) (I) Schematic illustration demonstrating the ability of human red blood cell-derived nanosponges (hRBC-NS) to capture β-H/C, thereby reducing cytotoxic 
damage to lung epithelial cells and mitigating macrophage inflammasome activation, leading to inhibited IL-1β production (II). Reproduced from Koo J, Escajadillo T, Zhang L, 
Nizet V, Lawrence SM. Erythrocyte-coated nanoparticles block cytotoxic effects of group B streptococcus beta-hemolysin/cytolysin. Front Pediatr. 2019;7:410. Copyright © 
2019 Koo, Escajadillo, Zhang, Nizet and Lawrence. Creative Commons Attribution License (CC BY).151 (B) (I) Schematic diagram showing the preparation and 
characterization of red blood cell nanosponges (RBC-NS) and their use in treating mice subjected to MRSA toxin-induced toxic shock. (II) The schematic includes the 
survival rate of mice within 24 hours of treatment (n = 6 per cohort). Reproduced from Chen Y, Zhang Y, Chen M, et al. Biomimetic nanosponges suppress in vivo lethality 
induced by the whole secreted proteins of pathogenic bacteria. Small. 2019;15(6):e1804994. © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.152 (C) (I) Schematic 
illustration of using macrophage-derived nanoparticles (MΦ-NPs) to neutralize endotoxins and pro-inflammatory cytokines as a two-step process for sepsis management. (II) 
Levels of pro-inflammatory cytokines, including TNF-α and IL-6, in plasma (n = 6). (III) Survival rate (n = 10). Reproduced from Thamphiwatana S, Angsantikul P, Escajadillo T, 
et al. Macrophage-like nanoparticles concurrently absorbing endotoxins and proinflammatory cytokines for sepsis management. Proc Natl Acad Sci U S A. 2017;114 
(43):11488–11493.153 (D) (I) Schematic representation and detoxification process of Fe3O4@MMs. (II) Schematic structure of Fe3O4@MMs and the mechanism by which 
they neutralize LPS. (III) Transmission electron microscopy (TEM) image of PEI-modified Fe3O4 nanoparticles. (IV) TEM image of Fe3O4@MMs nanoparticles. (V) Enlarged 
view of a single Fe3O4@MMs nanoparticle. Reproduced from Shen S, Han F, Yuan A, et al. Engineered nanoparticles disguised as macrophages for trapping lipopolysacchar-
ide and preventing endotoxemia. Biomaterials. 2019;189:60–68. Copyright © 2018 Elsevier Ltd. All rights reserved.154
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of sepsis and UC-induced sequelae.155 In addition, chitosan (CH) is enclosed within nanoemulsions loaded with ciproflox-
acin-sodium deoxycholate surfplex (CFn- sdc) to improve the penetration of CFn into tissues and eliminate endotoxins 
(lipopolysaccharide or LPS) that are generated during antibiotic therapy.156 Overall, nanoparticle-based detoxification 
approaches provide a promising solution for treating sepsis by utilizing nanotechnology to efficiently neutralize toxins 
created by bacteria and safeguard individuals from the risks of infection. (Table 6) Nevertheless, additional investigation and 
rigorous clinical trials are required to substantiate the safety and effectiveness of these approaches.

Challenges and Prospects for the Future
Complexity
Nanoparticles exhibit considerable potential for the treatment of sepsis; yet, they encounter certain limitations and obstacles. 
Sepsis, an acute and life-threatening infection usually caused by bacteria, can result in widespread inflammation and malfunction 
of multiple organs.9,157 The cause and development of sepsis are extremely intricate, encompassing many physiological systems 
at different points in the progression of the disease.158,159 The intricate nature of this situation requires specialized nanoparticle 
treatments that may require customisation for various types of infections and disease processes, hence intensifying the challenge 
of treatment.

Drug Delivery Systems
Nanoparticles have the potential to be used as carriers for delivering drugs. However, effectively targeting and releasing 
drugs at specific infection sites still presents difficulties.25,160 It is essential to ensure efficient transportation of drugs to 
infected areas while minimizing any negative effects on healthy tissues. Multiple nanoparticle formulations have been 
documented,26,95,161 showing that surface functionalization with antimicrobial peptides can achieve targeted distribution 
and strong antimicrobial effects. The inclusion of antimicrobial peptides in nanoparticle formulations enables targeted 
delivery of antibiotics to specific areas within bacteria, such as the cell walls/membranes, cytoplasm, or nucleus. This 
approach enhances the effectiveness of bacterial eradication. However, it is important to validate these findings through 
well-designed clinical studies.

Immunoreactivity
Nanoparticles can be employed to transport anti-inflammatory medications for the purpose of controlling systemic 
inflammatory reactions caused by sepsis.162–164 This could potentially enhance patient outcomes and mitigate the 
likelihood of multi-organ dysfunction. Nevertheless, nanoparticles have the potential to trigger immunological reactions, 
which could lead to allergy responses or the activation of the immune system, hence heightening the likelihood of 
systemic inflammatory reactions. Therefore, a thorough examination of the immunocompatibility and toxicity of 

Table 6 Application of Nanotechnology in Toxin Removal

Nanoparticle Type Chemical Modifications Function Reference

Biomimetic Toxin Nanosponges Polymer core with red blood cell 
membranes

Absorbs and neutralizes pore-forming toxins [149]

Nanoparticles with RBC 

Membranes

Donor RBCs around polymer core Traps and neutralizes bacterial toxins and 

inflammatory cytokines

[151,152]

Macrophage Membrane- 

Mimicking Nanoparticles

Macrophage cell membranes surrounding 

polymer cores

Binds and destroys endotoxins, reduces pro- 

inflammatory cytokines

[153]

Fe3O4@MMs Nanoparticles Fe3O4 nanoparticles modified with 
polyethyleneimine (PEI)

Targets and reduces lipopolysaccharides (LPS), 
modulating immune response

[154]

DSF-LF Nanoparticles Combination of disulfiram (DSF) and 

lactoferrin (LF)

Suppresses macrophage apoptosis and inflammatory 

cytokine secretion

[155]

Ciprofloxacin-loaded 

Nanoemulsions

Chitosan encapsulated with 

ciprofloxacin-sodium deoxycholate

Enhances tissue penetration and detoxifies 

endotoxins during antibiotic therapy

[156]
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nanoparticles is essential. Additionally, nanoparticles show potential as vehicles for delivering vaccines to combat 
infections caused by sepsis and boosting the immunological responses of patients.165,166

Drug Resistance
The susceptibility of antibiotics is a crucial factor in determining which antibiotics to use, as certain infections can 
become resistant, making treatment more difficult.167,168 Sepsis causes alterations in the circulation of patients, making it 
difficult to reach the optimal levels of antibiotic distribution in the body. In sepsis patients, it is common to encounter 
infections caused by multidrug-resistant (MDR) pathogens or polymicrobial infections. Therefore, combination therapy 
based on sensitivity is necessary to treat these infections.169 Nevertheless, there is a scarcity of evidence regarding the 
use of nanoparticle antibiotic combination medicines, which calls for additional research to investigate their potential in 
nanoparticle formulations. Nanoparticles have the capability to transport different kinds of antibiotics or other pharma-
ceuticals that fight against infections. This has the potential to address drug resistance by increasing the amount of drugs 
at the site of infection and decreasing the likelihood of antibiotic resistance.

Safety
Thorough analysis is necessary to ensure the safety of nanoparticles in drug delivery and treatment, despite their 
potential. There may be concerns regarding the potential toxicity and compatibility of nanoparticles. It is worth 
mentioning that certain anti-inflammatory medications have been tested in many preclinical and clinical investigations 
using nanoparticle formulations.170 A clinical experiment examined the efficacy of nano curcumin (NC) in reducing 
inflammation biomarkers, improving endothelial function, reducing oxidative stress indicators, optimizing biochemical 
variables, enhancing nutritional status, and improving clinical outcomes in patients with sepsis.136 The research was 
a clinical experiment conducted in an intensive care unit (ICU) with 40 patients. The patients were randomly assigned to 
either the NC or placebo group. They were given NC (160 mg) or a placebo through a tube in their nose, twice a day for 
10 days. The trial was double-blind, meaning neither the patients nor the researchers knew which group they were in, and 
it was also placebo-controlled, meaning some patients received a fake treatment. Administering NC as a supplement 
resulted in a considerable decrease in both SOFA scores and the length of time mechanical ventilation was required. 
Additional research is needed to investigate the prolonged impact and safety of nanoparticles in the treatment of sepsis. 
Subsequent clinical trials are necessary to evaluate the safety and effectiveness of nanoparticles in the treatment of sepsis.

Conclusion
The field of sepsis treatment holds significant potential for utilizing nanotechnology to enhance therapeutic outcomes and 
alleviate patient suffering. Further advancements in this area will improve our understanding of the role of nanotechnol-
ogy in treating sepsis and offer superior therapeutic options for patients. Ensuring the biocompatibility of nanoparticles 
and minimizing potential toxicity risks are critical in clinical applications. More in-depth research is needed to verify 
their long-term safety and efficacy. Additionally, ethical issues in clinical trials, including informed consent from patients 
and long-term monitoring of impacts, must receive adequate attention. Future research should not only focus on 
improving treatment outcomes but also prioritize ensuring safety and feasibility in real-world applications. Only when 
these issues are fully addressed can nanotechnology provide reliable and effective treatment options for sepsis patients, 
thereby advancing the development of this field.
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