
R E V I E W

How Do Organelle-Targeting Nanotherapeutics 
Treat Inflammatory Diseases? A Comprehensive 
Review of the Literature
Si-Hui Wang1,2, Xiao-Ling Xu 2, Wei Chen1

1Longhua Hospital Affiliated to Shanghai University of Traditional Chinese Medicine, Shanghai, 200032, People’s Republic of China; 2Shulan 
International Medical College, Zhejiang Shuren University, Hangzhou, 310015, People’s Republic of China

Correspondence: Wei Chen, Longhua Hospital Affiliated to Shanghai University of Traditional Chinese Medicine, 725 South WanPing Road, Shanghai, 
200032, People’s Republic of China, Tel +86-021-64385700-3522, Email cwdoctor@shutcm.edu.cn; Xiao-Ling Xu, Shulan International Medical College, 
Zhejiang Shuren University, 8 Shuren Street, Hangzhou, 310015, People’s Republic of China, Tel +86-571-88208435, Email ziyao1988@zju.edu.cn

Abstract: Inflammation is a protective response of the body, but when excessive or prolonged, it can contribute to disease progression 
and tissue damage. Identifying more effective and less toxic drugs for treating both acute and chronic inflammatory diseases is a major 
challenge. Organelle-targeting strategies, which deliver drugs directly to specific organelles, offer a promising solution by improving 
treatment efficiency and minimizing toxic effects on healthy cells. However, despite the potential of organelles as therapeutic targets, 
precise targeting remains challenging. This review systematically summarizes organelle-targeting nanodelivery strategies for major 
organelles—mitochondria, the endoplasmic reticulum, lysosomes, and the Golgi apparatus—and the research progress in evaluating 
the potential of these strategies for treating inflammation-related diseases. This study focuses on the applications of these strategies for 
the treatment of sepsis, inflammatory bowel disease, atherosclerosis, and osteoarthritis. Additionally, this review outlines future 
directions and key challenges in this field, aiming to provide a scientific reference for the application of organelle-targeting 
nanotherapeutics for the treatment of inflammatory diseases. 
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Introduction
Inflammation is a complex biological process closely associated with almost all human diseases. As the initial response 
of the immune system to infection or tissue damage, inflammation eliminates pathogenic factors by enhancing tissue and 
organ homeostasis, maintaining structural and functional integrity, and promoting adaptation to disturbances.1,2 However, 
during the resolution of acute inflammation, the lack of negative regulators can lead to chronic inflammation, causing 
excessive tissue damage and sustained immune responses, such as those observed in common autoinflammatory or 
autoimmune diseases such as osteoarthritis (OA), atherosclerosis (AS), and inflammatory bowel disease (IBD). Although 
acute and chronic inflammation differ in their underlying mechanisms, both can result in significant tissue damage if not 
properly regulated, underscoring the importance of protecting tissues from inflammatory damage to improve clinical 
outcomes. For example, in patients with sepsis, systemic inflammation leading to multiorgan failure is the primary cause 
of death. In patients with severe sepsis, proinflammatory responses aimed at eliminating pathogens often result in tissue 
damage, whereas the anti-inflammatory response can increase susceptibility to secondary infections.3

As common inflammatory diseases, sepsis, IBD, AS, and OA differ in clinical presentation and pathological 
mechanisms but share similarities in inflammation and immune responses, which provides new ideas for research and 
treatment. Anti-inflammatory drugs, particularly glucocorticoids, are widely used to alleviate inflammatory symptoms by 
suppressing immune responses. However, as they lack direct antimicrobial activity, their use is often associated with an 
increased risk of infections due to immunosuppression. Additionally, poor drug accumulation at the target site and rapid 
clearance hinder conventional treatments. The heterogeneity of diseases may also contribute to uncertain therapeutic 
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outcomes. To achieve more effective treatment and minimize off-target effects, new drug mechanisms and therapeutic 
strategies are increasingly shifting toward precision targeting.

For example, the recently proposed precision immunotherapy for sepsis is becoming a third major treatment pillar, 
alongside early appropriate antimicrobial treatment and organ function support.4 In addition, individualized antibiotic 
dosage adjustment has been shown to be crucial for improving treatment outcomes and reducing the risk of drug 
resistance in critically ill patients, reflecting the clinical value of precision medicine at the pharmacokinetic level.5 

Similarly, new therapies for atherosclerotic vascular disease targeting low-density lipoprotein cholesterol, such as 
proprotein convertase subtilisin/kexin type 9 inhibitors combined with anti-inflammatory strategies, are gaining 

Graphical Abstract

https://doi.org/10.2147/IJN.S516260                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2025:20 7134

Wang et al                                                                                                                                                                           

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



attention.6 For IBD, biological therapies such as anti-tumor necrosis factor, anti-interleukin-12/interleukin-23, and anti- 
alpha4beta7 integrin precisely modulate inflammatory pathways, minimizing systemic side effects and increasing 
treatment specificity.7 In OA, drug development focuses on targeting inflammatory pathways, cartilage metabolism, 
and bone remodeling, but while progress has been made with pain relievers such as nerve growth factor inhibitors, 
reversing structural changes remains challenging.8 Thus, developing safer and more effective therapies for acute and 
chronic inflammation continues to be a major challenge.

The progress of precision-targeted therapies has shifted medical treatments toward more personalized approaches. In 
recent years, organelle-targeting therapies with high sensitivity and precision have garnered increasing attention. 
Organelles are specialized structures in eukaryotic cells, and their dysfunction or disrupted interaction networks are 
closely linked to inflammation.9 Studying organelle functions and dynamics is crucial for understanding disease 
mechanisms and developing targeted therapies. While organelle-targeting strategies hold promise for reducing side 
effects and improving treatment efficiency, they remain challenging due to their lack of inherent drug specificity.

Nanotechnology breakthroughs provide innovative treatment and diagnostic opportunities for inflammatory diseases, 
especially in organelle-targeting therapies. Nanodelivery systems outperform traditional drugs by increasing bioavail-
ability and efficacy and reducing side effects. In addition, by rationally designing nanomaterials, nanoparticles (NPs) can 
also be used to achieve efficient drug delivery and control drug release at specific sites. Currently, nanodelivery platforms 
can be broadly categorized into three types: organic carriers, inorganic carriers, and hybrid systems that integrate the 
advantages of both. Organic nanocarriers, such as liposomes, polymeric nanoparticles, dendrimers, and micelles, are 
typically composed of biocompatible and biodegradable materials. They offer excellent drug encapsulation efficiency, 
controllable release profiles, and flexible surface functionalization capabilities.10 Inorganic nanocarriers, including gold 
nanoparticles, mesoporous silica nanoparticles, and iron oxide nanoparticles, are valued for their superior physical and 
chemical stability, tunable size and architecture, and unique magnetic or optical properties, making them highly 
promising for therapeutic and diagnostic applications.11 Hybrid nanocarriers, which combine organic and inorganic 
components, integrate structural robustness with biological functionality, thereby overcoming the limitations of single- 
component systems in terms of delivery efficiency and biological adaptability. Together, these diverse nanoplatforms 
establish a critical foundation for achieving precision drug delivery at the organelle level.

Therefore, this review systematically summarizes recent advances in organelle-targeting nanodelivery strategies for 
key organelles, including mitochondria, the endoplasmic reticulum (ER), lysosomes, and the Golgi apparatus. We 
particularly focus on the applications of these strategies for the treatment of inflammatory diseases such as sepsis, 
IBD, AS, and OA. Compared with their well-established roles in oncology, organelle-specific nanodelivery systems 
remain relatively underexplored in the context of inflammation. To address this gap, we provide a targeted and 
comprehensive analysis of current strategies and therapeutic outcomes. In addition, we explore how emerging technol-
ogies such as precision medicine and artificial intelligence could be integrated to further optimize organelle-targeting 
therapies. This forward-looking perspective aims to guide future research and facilitate clinical translation in the 
treatment of inflammation-related diseases.

Current Advances in Targeting Vital Cell Organelles via Nanomedicine
Non-organelle-targeting drugs exhibit uneven intracellular distributions, which may reduce drug utilization efficiency 
while increasing toxicity and side effects to healthy cells. Furthermore, many diseases involve dysfunctions of specific 
organelles, making nontargeted drugs ineffective at precisely modulating these critical pathological pathways, thus 
limiting their therapeutic outcomes. These limitations highlight the importance and potential of organelle-targeting 
drugs. Researchers have developed various nanoscale delivery systems that target mitochondria, the endoplasmic 
reticulum, lysosomes, and the Golgi apparatus. These systems utilize ligand recognition, responsive materials, or specific 
physicochemical properties to achieve efficient and precise organelle targeting (Table 1). Here, we have outlined the key 
ligands that target mitochondria, the endoplasmic reticulum, lysosomes, and the Golgi apparatus (Figure 1).
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Table 1 Primary Targeting Strategies for Organelles

Target 
Organelles

Targeting Strategies for 
Organelle Targeting

Targeting Ligands Characteristics Ref.

Mitochondria Surface modification with lipophilic 

cations

Triphenylphosphine (TPP+) and 

its derivatives

Lipophilic cations have strong lipophilicity 

and positive charge characteristics, which 

can achieve efficient cell penetration and 
specific mitochondrial-targeting 

accumulation.

[12]

Desquinoxaline (DQA) [13]

Rhodamine [14]

Cyanine dyes [15]

Pyridinium cation [16]

F16 [17]

Functional modification of cell- 
penetrating peptides

Mitochondrial penetrating 
peptides(MPPs)

The sequence and structure of peptides 
can be precisely regulated by the 

permutation and combination of amino 

acids, so they have higher flexibility and 
designability.

[18]

Szeto-Schiller (SS) peptides [19]

XJB peptides [20]

ATAP peptides [21]

Endoplasmic 
reticulum(ER)

Binding of organelle targeting groups 
to small molecule compounds by 

chemical bonds

Methanesulfonamide and its 
derivatives

Sulfonamide ligands specifically recognize 
and bind with high affinity to highly 

expressed sulfonylurea receptors on the 

ER membrane.

[22,  
23]

Anionic group Anionic groups can form coordination 

bonds with calcium ions in the ER to 
achieve specific targeting of the ER.

[24]

Functional modification of ER- 
targeting peptides

KDEL In addition to locating the ER, some ER- 
targeting peptides also have physiological 

functions such as inducing the production 

of reactive oxygen species and ERS.

[25]

KKXX [26]

RARC [27]

Eriss [28]

Pardaxin [29]

Lysosome Induced mild lysosomal membrane 

permeability (LMP)

[±] nanoparticles [-] nanoparticles adhere to and internalize 

into nonimmune cells, while [+] 

nanoparticles interact with the cell 
membrane through electrostatic attraction 

and change the membrane permeability.

[30]

Surface modification with pH- 

responsive/cell-penetrating peptides 

to avoid endosomal/lysosomal 
degradation

HA2 Nanoparticle drug delivery systems can be 

mediated to escape from endosomes or 

lysosomes, thereby improving the 
bioavailability of drugs.

[31]

GALA [32]

CM18–Tat11 [33]

Stearyl-R8 [34]

Using nanomaterials that are 

naturally localized to lysosomes, or 

changing the shape/surface 
characteristics of nanostructures.

DNA aptamer After being taken up by cells, 

nanomaterials can be naturally localized in 

lysosomes through the caveolae protein 
endocytosis pathway, achieving lysosome- 

targeting precise drug delivery.

[35]

Carbon nanotubes [36]

(Continued)
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Mitochondria-Targeting Nanostrategies
Mitochondria-targeting agents are a class of drugs or compounds that specifically target mitochondria and act on 
biological processes within mitochondria. Features such as large transmembrane potential and mitochondrial protein 
entry mechanisms are important for the design of mitochondria-targeting drugs. At present, the main ways to generate 
drug-targeting mitochondria are through lipophilic cation-mediated and mitochondrial protein input, as well as mito-
chondrial targeting by attaching nitro oxygen and cell-membrane-penetrating peptides to drugs.

Table 1 (Continued). 

Target 
Organelles

Targeting Strategies for 
Organelle Targeting

Targeting Ligands Characteristics Ref.

Golgi 
apparatus

Chondroitin sulfate with high affinity 
to the Golgi apparatus was used as 

the nanocarrier

Chondroitin sulfate It has good biocompatibility, 
biodegradability, nonimmunogenicity, 

extremely nontoxicity, and has high affinity 

for the Golgi apparatus in hepatic stellate 
cells

[37,  
38]

Functional modification of peptides RS1-reg Under specific conditions, peptides can 
self-assemble into appropriate sizes and 

shapes to facilitate the effective transport 

of loaded drugs, achieving subcellular 
internalization and precise targeting.

[39]

C6RVRRF4KY [40]

pS1 [41]

Figure 1 The background colors correspond to specific organelle-targeting strategies: green (mitochondria), red (endoplasmic reticulum), yellow (lysosome), and blue 
(Golgi apparatus). Adapted from Servier Medical Art (https://smart.servier.com/), licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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Lipophilic Cations
Unlike other biofilms, mitochondria have a high degree of negative membrane potential due to the action of the electron 
transport chain. The high negative membrane potential and high lipid properties of mitochondria enable lipophilic cations 
to be targeted through the mitochondrial membrane and accumulate in the mitochondrial matrix. At present, the most 
studied delocalized lipophilic cations (DLCs) include triphenylphosphine (TPP), dequalinium (DQA), rhodamine, and 
anthocyanin dyes. As a representative DLC, TPP is widely used in the construction of mitochondria-targeting nanosys-
tems. It consists of three phenyl groups attached to a phosphorus atom, forming a triphenylphosphine structure. This 
structure enhances the lipophilicity of TPP, facilitating membrane penetration and enabling it to target and accumulate in 
mitochondria through charge interactions.12 DQA can interfere with the mitochondrial membrane potential gradient, 
leading to increased mitochondrial permeability and the release of proapoptotic factors such as cytochrome c, resulting in 
selectivity for accumulation in cancer cell mitochondria.13 Other lipophilic cations, such as rhodamine (rhodamine 123) 
and anthocyanin derivatives (JC-1), are also used for mitochondrial colocalization.14,15 Additionally, mitochondria- 
targeting cations, such as pyridinium cations and F16 [(E)-4-(1H-Indol-3-ylvinyl)-N-methylpyridinium iodide], are 
commonly used in mitochondrial drug delivery systems.16,17

Mitochondria-Targeting Peptides
Peptide-based nanosystems are an emerging strategy for targeting mitochondria. These systems usually use specific 
peptide sequences or structural motifs to target mitochondria. Compared with DLC systems, peptide-based nanosystems 
have greater flexibility and designability, as peptide sequences can be tailored to specific needs. Mitochondria-penetrating 
peptides (MPPs), a subclass of cell-penetrating peptides (CPPs), can cross cell membranes and specifically deliver 
bioactive substances to mitochondria. The design of MPPs usually depends on the characteristics of the mitochondrial 
membrane, especially its negative potential.

A promising strategy to improve cellular entry and mitochondrial targeting involves combining CPPs with mitochon-
dria-targeting sequences (MTSs). MTSs, typically found at the N-terminus of proteins, consist of 20–40 positively 
charged and hydrophobic amino acids, which are recognized by mitochondrial receptors for transport into the mitochon-
drial matrix.18 In the design of MPPs, the introduction of positively charged amino acids such as arginine and lysine can 
facilitate mitochondrial localization via electrostatic interactions.42 In addition to charge interactions, hydrophobic amino 
acids such as phenylalanine, tyrosine, and isoleucine aid in crossing cell membranes and enhancing interactions with 
mitochondrial membranes.43 Functional modification via charged natural amino acids and peptides is a promising 
approach for mitochondrial targeting.44

In addition to MPPs, Szeto-Schiller (SS) peptides, XJB peptides, and ATAP peptides are also used for the construction 
of mitochondria-targeting nanoplatforms. SS peptides, as mitochondria-targeting antioxidants, reduce reactive oxygen 
species (ROS) production and inhibit mitochondrial permeability transition. They can penetrate the plasma membrane and 
accumulate in the inner mitochondrial membrane (IMM), likely due to electrostatic interactions with IMM phospholipids 
and hydrophobic interactions with fatty acyl tails.45 Elamipretide (SS-31) is a promising mitochondria-targeting peptide 
that clears ROS and improves mitochondrial function, showing potential for treating mitochondrial dysfunction-related 
diseases.19 XJB-5-131 scavenges electrons to reduce ROS levels and prevent superoxide production.20 ATAP peptides 
induce apoptosis by targeting the mitochondrial membrane and bypassing Bcl-2 family protein-mediated protective 
mechanisms, making XJB peptides promising candidates for treating chemotherapy-resistant cancer.21

Endoplasmic Reticulum-Targeting Nanostrategies
ER dysfunction can cause the accumulation of misfolded proteins, leading to apoptosis. Therefore, targeted drug delivery 
to the ER is crucial for disease treatment. However, research on ER-targeting drug delivery is limited due to the few 
targetable characteristics of the ER and its complex 3D structure with varying thickness, making selective targeting 
difficult. Currently, strategies for targeting the ER focus mainly on ligand modifications, including ligand-modified 
carriers and small molecules or peptides with ER-targeting properties.
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Small-Molecule Compounds
The direct targeting of the ER involves binding the subcellular targeting group to small-molecule drugs or reagents 
through chemical bonds. Sulfonamide ligands have been widely developed for the modification of small-molecule 
drugs and drug delivery carriers because of their low toxicity, high efficiency, and high selectivity. Currently, the 
widely used targeting ligands based on small molecules are mainly methanesulfonamide and its derivatives, including 
p-toluenesulfonamide and naphthylsulfonamide. Sulfonamide ligands can bind specifically and with high affinity to 
sulfonylurea receptors, which are potassium-selective ion channels highly expressed on the ER membrane.22 

Naphthylsulfonamide and p-toluenesulfonamide share similar structural features, and both can target the ER by 
specifically binding to sulfonylurea receptors.23 In addition, the dansyl and tosyl groups in N-(2-aminoethyl)- 
5-(dimethylamino)naphthalene-1-sulfonamide can be used as typical sulfonyl ligands to improve the ER-targeting 
ability of drugs. Due to the millimolar concentration of calcium ions in the endoplasmic reticulum, which is much 
higher than that in the cytosol, anionic groups (such as carboxyl or phosphate groups) can serve as targeting moieties 
for modifying drugs or nanoparticles. These anionic groups achieve specific ER targeting by forming coordination 
bonds with calcium ions in the ER.24

Endoplasmic Reticulum-Targeting Peptides
Through extensive studies of protein transport, several signal peptides with ER specificity have been identified, typically 
located at the N-terminus of proteins. These peptides direct proteins to the ER by interacting with ER membrane 
receptors or chaperones. Common strategies for ER targeting involve inserting peptide sequences such as KDEL, KKXX, 
RARC, and Eriss. Among these, the KDEL sequence is the most widely used; it is recognized by KDEL receptors in the 
Golgi apparatus and directs proteins back to the ER via retrograde transport. For example, AuNP-KDEL nanostructures, 
formed by conjugating gold nanoparticles with KDEL peptides, can be rapidly internalized through clathrin-mediated 
pathways and directed to the ER via retrograde transport, thus avoiding lysosomal degradation.25 The KKXX signal 
peptide, typically located at the C-terminus of ER membrane proteins, functions similarly to the KDEL signal, targeting 
ER membrane proteins on transport vesicles to return to the ER.26 The short peptide RARC, which consists of arginine 
(R)-alanine (A)-arginine (R)-cysteine (C) and is rich in arginine, specifically interacts with ER proteins to facilitate ER 
targeting.27 The Eriss peptide, a 17-amino-acid sequence derived from the adenovirus E3-19K protein, also targets the 
ER.28 Pardaxin, a natural antimicrobial peptide, can localize to the ER, potentially due to its ability to form phospha-
tidylcholine vesicle pores, as phosphatidylcholine is the main phospholipid in the ER.29 In addition to targeting, pardaxin 
also induces ROS production and endoplasmic reticulum stress (ERS). Due to the high molecular weight of most ER- 
targeting peptides, nanocarriers or antibody-mediated strategies are often needed for effective ER localization.

Lysosome-Targeting Nanostrategies
Accurate lysosomal targeting in specialized cells may address autophagy dysregulation under pathological conditions. 
Most current studies focus on inducing mild lysosomal membrane permeabilization (LMP). Given that lysosomes play 
a key role in tumor invasion, metastasis, and resistance, LMP targeting has emerged as a promising therapeutic strategy 
for various cancers. Studies have shown that anionic NPs tend to attach to the surfaces of non-immune cells and are 
gradually internalized. In contrast, cationic NPs interact with cell membranes through electrostatic attraction, inducing 
membrane depolarization or the formation of hydrophilic pores, which leads to marked changes in membrane 
permeability.46 These distinct behaviors form the basis for designing mixed-charge NPs with enhanced cellular interac-
tions. These [±] NPs selectively accumulate in tumor cells and compromise lysosomal membrane integrity over time, 
ultimately triggering lysosome-dependent apoptosis.30

pH-Responsive Fusion Peptides
Due to the significantly lower pH inside lysosomes than in the cytoplasm and other organelles, pH-responsive strategies 
have become a major research approach. Researchers have reported a variety of strategies for the precise delivery of 
nucleic acid drugs using the difference in pH between diseased and surrounding tissues, including the use of acid-labile 
chemical bonds, pH-sensitive sensory groups or pH-sensitive materials. However, developing nanoparticles that directly 
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target lysosomes is challenging, as most nanoparticles undergo degradation via the endosomal/lysosomal pathway after 
internalization, losing their intended function; to prevent this, strategies to evade endosomal/lysosomal degradation have 
been developed. Lysosomal escape protein-based nanocarriers are special lysosome-targeting nanocarriers that help drugs 
escape lysosomal degradation, thereby improving bioavailability. For example, the influenza virus protein HA2, an 
amphipathic anionic peptide, undergoes a conformational change to a helical structure under low pH, promoting fusion 
with the endosomal membrane and releasing contents into the cytoplasm.31 Similarly, the developed synthetic peptide 
GALA has pH-sensitive and amphiphilic characteristics. Under neutral pH, GALA adopts a random coil conformation, 
but when the pH decreases to 5, GALA transitions into an amphipathic α-helix.32 In addition to the above fusion peptide, 
a new peptide has been proposed to fuse the CM 18 hybrid (KWKLFKKIGAVLKVLTTG, residues 1–7 of cecropin-A 
and residues 2–12 of melittin) with the arginine-rich motif of Tat 11. The results showed that the chimeric peptide 
effectively enhanced a variety of colocalized membrane-impermeable molecules.33 In addition, studies have shown that 
stearylated octaarginine (Stearyl-R8), a stearylated octaarginine peptide, acts as a potent cell-penetrating peptide with 
notable advantages in lysosomal targeting and escape, facilitating efficient gene delivery by promoting membrane fusion 
under acidic conditions and thereby enhancing transfection efficiency.34

Other Advances in Nanotherapeutics
Most DNA nanomaterials are naturally localized to lysosomes through caveolin endocytosis after being taken up by cells. 
This characteristic is the reason why DNA materials are often used for precise drug delivery targeted by lysosomes. 
Odom et al35 proposed a nanostructure system (HApt-AuNS) based on the combination of DNA aptamers and gold NPs, 
designed to target and sort human epidermal growth factor receptor 2 into lysosomes, where it is degraded by proteases 
under acidic conditions. Additionally, modifying the shape and surface properties of nanostructures can enhance their 
translocation across the lysosomal membrane. Given their exceptional ability to penetrate biological membranes and low 
toxicity, carbon nanotubes can be used to design coatings that increase nanodrug affinity for lysosomal lipid membranes, 
facilitating membrane permeabilization, pore formation, and subsequent release of nanoparticles into the cytoplasm.36

Golgi Apparatus-Targeting Nanostrategies
Golgi apparatus-targeting nanodrug delivery systems are still in the early stages of research and development. Currently, 
Golgi apparatus-targeting technology includes mainly the use of Golgi apparatus-specific fluorescent probes for diag-
nosis, and there are few reports on the application of Golgi apparatus-targeting technology for patient treatment.

Chondroitin Sulfate
Chondroitin sulfate (CS) is a typical sulfated glycosaminoglycan that specifically binds to CD44-overexpressing hepatic 
stellate cells.47 Due to its excellent biocompatibility, biodegradability, nonimmunogenicity, and low toxicity, CS has 
gained significant attention in drug delivery systems. When combined with nanoparticles, CS forms nanocarriers that 
show great potential for targeted drug delivery. Studies have shown that chondroitin sulfate nanomicelles exhibit high 
affinity and effectively target the Golgi apparatus in hepatic stellate cells. Thus, CS-based nanoparticles have been 
utilized in targeted therapies for chronic liver diseases and liver cancer.37,38

Golgi Apparatus-Targeting Peptides
Certain proteins or peptides contain specific signal sequences that guide them to the Golgi apparatus. Among them, the 
RS1-reg peptide follows the endocytic pathway, targeting vesicular transport to the trans-Golgi network without the need 
for endosomal escape, where it inhibits the activity of the glucose transporter SGLT1. Based on this discovery, Keller 
et al39 designed custom nanogels that specifically target RS1-reg to its action site within the trans-Golgi network. Under 
specific conditions, peptides can self-assemble into optimal sizes and shapes, facilitating the efficient transport of 
encapsulated drugs and enabling subcellular internalization and precise targeting. Li et al40 designed the convertible 
peptide C6RVRRF4KY, which self-assembles into nontoxic nanoparticles in aqueous medium and, upon targeting and 
cleavage by Flynn protease, transforms into left-handed helical fibers that mechanically disrupt the Golgi membrane in 
cancer cells. This nanomechanical disruption strategy not only demonstrates the advantage of subcellular organelle 
disruption in overcoming drug resistance in cancer therapy but also provides a novel therapeutic approach for combating 
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multidrug-resistant bacteria and viruses. Furthermore, thiophosphate peptide pS1 designed by Tan undergoes enzymatic 
dephosphorylation to rapidly form self-assembled thiopeptides, which then interact with Golgi proteins to form disulfide 
bonds, enabling targeted delivery to the Golgi apparatus.41

Organelle-Targeting Nanodelivery Systems Improve Inflammatory 
Diseases
The study of organelle-targeting nanomedicine for treating inflammatory diseases not only facilitates the precise 
regulation of inflammatory responses but also provides new insights into the pathological mechanisms unresolved by 
traditional therapies. Inflammatory diseases can be broadly classified into systemic inflammation and localized chronic 
inflammation. Sepsis is a classic example of systemic inflammation, whereas IBD, AS, and OA represent localized 
chronic inflammation. These diseases encompass diverse inflammatory mechanisms, making them representative models 
for investigating organelle-targeting nanomedicine. In recent years, significant progress has been made in developing 
organelle-targeting nanotherapeutic strategies for these diseases. As shown in Table 2, organelle-targeting nanothera-
peutics have demonstrated favorable efficacy in treating sepsis, IBD, AS, and OA. These studies not only clarify the 
mechanisms of nanomedicines in inflammation treatment but also provide valuable references and guidance for mana-
ging other inflammatory diseases.

Sepsis
Sepsis is a life-threatening organ dysfunction caused by a dysregulated host response to infection.67 Recent studies on the 
global burden of disease estimate that the incidence and mortality of sepsis are twice as high as previously thought.68 

Current anti-inflammatory interventions are effective in treating sepsis; however, monotherapies have limited efficacy. 
Exploring multimodal therapies and achieving precise targeting, such as via the simultaneous inhibition of pathogen 
growth and suppression of the inflammatory response, may represent a viable strategy.

In sepsis, pathogens entering the bloodstream can induce immune disorders and activate macrophages to produce 
excessive ROS to eliminate invaders. However, the continued accumulation of ROS not only triggers transcriptional 
cascades but also leads to mitochondrial damage and the release of proinflammatory factors, thereby promoting 
uncontrolled inflammation. In recent years, mitochondria have received increasing attention as core organelles for the 
regulation of inflammation. Yu48 synthesized TPP-modified ceria NPs (Atv/PTP-TCeria NPs) to reduce ROS and 
improve sepsis-induced acute kidney injury. Similarly, another study based on mitochondria-targeting nanomaterials 
showed that TPP-AAV could inhibit the malonylation of VDAC2, thereby significantly alleviating sepsis-induced 
ferroptosis and myocardial dysfunction.49 These findings highlight the potential therapeutic significance of mitochondria- 
targeting nanomaterials in alleviating sepsis-related myocardial injury. Furthermore, as the first line of immune defense in 
the body, macrophages can differentiate into M1 (proinflammatory) and M2 (anti-inflammatory) macrophages. 
Overactivation of M1 macrophages leads to the progression of sepsis. Therefore, regulating the balance of macrophage 
polarization has become another important therapeutic target for inflammatory diseases. Studies have shown that 
decreased expression of the circRNA mSCAR (a mitochondrial circRNA that promotes M2 polarization by reducing 
mitochondria-derived ROS in the macrophages of mice with sepsis) is associated with excessive M1 polarization of 
macrophages. Li et al50 used TPP to deliver the TPP/circRNA complex in exosomes to mitochondria, regulating 
macrophage polarization to alleviate systemic inflammation and organ damage in sepsis.

The ER also plays an important role in sepsis-related inflammatory processes. Excessive production of ROS activates 
ERS, triggering cell apoptosis and the secretion of proinflammatory factors and thereby exacerbating immune dysregula-
tion. Therefore, investigating macrophage ER-targeting strategies in response to ROS and pathogen infection may help 
mitigate ERS and immune dysregulation. Zhao et al51 developed a pathogen-responsive and macrophage ER-targeting 
nanoplatform consisting of mesoporous silica nanoparticles (MSNs) functionalized with ER-targeting peptides and 
a pathogen-responsive cap containing ROS-cleavable boronates and bovine serum albumin. This platform enables precise 
ER targeting and rapid antimicrobial peptide release in response to infection, offering a therapeutic approach for systemic 
infections.
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Table 2 Organelle Specific Drug Delivery for the Treatment of Inflammatory Diseases

Diseases Targeting 
Organelles

NPs Carriers Functional Drugs Treatment Consequences Year Ref.

Sepsis Mitochondria Lipophilic cation TPP Ceria NP,atorvastatin Eliminates excess ROS, reduces oxidative stress and 
inflammation.

2020 [48]

TPP Adeno-associated virus (AAV) Attenuates iron death and myocardial dysfunction after sepsis. 2023 [49]

TPP-PDL CircRNA mSCAR Reduces mtROS and reverses M1 macrophage hyperpolarization. 2023 [50]

ER ER-targeting 

peptide

MKWVTFISLLFLFSSAYS Antimicrobial peptide (melittin, 

MEL)

Inhibits pathogen growth, spares macrophages from death, and 

relieves ERS.

2022 [51]

Lysosome PH-sensitive 

nanoparticles

ZIF-8 MOF Calcium and zinc ions Releases lysosome-sensitive ions to promote phagocytosis by 

monocytes/macrophages.

2023 [52]

Hydroxyapatite 

nanoparticles

Gentamicin, phenylboronic acid 

and tannic acid

Triggers lysosomal escape, causing small colony variants to revert 

to normal bacteria.

2024 [53]

Inflammatory 
bowel disease

Mitochondria Mitochondria - 

targeting 

peptide

ALD5MTS Resveratrol, inulin Upregulates probiotics, enhances mitochondrial function, and 

promotes recovery of the colonic mucosa.

2024 [54]

Lipophilic cation Cys-TPP Astaxanthin (AST), 
Epigallocatechin 3-gallate 

(EGCG)

Eliminates ROS and promotes polarization of M2 macrophages. 2024 [55]

TPP Astaxanthin Reduces inflammation and boost probiotic abundance. 2022 [56]

TPP Astaxanthin Induces macrophage polarization, inhibits the release of 
inflammatory factors and maintains intestinal flora homeostasis.

2024 [57]
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Atherosclerosis Mitochondria Lipophilic cation Alkyl TPP+ MitoQ Reduces mitochondrial oxidative stress and reverses arterial 

endothelial dysfunction.

2018 [58]

Alkyl TPP+ Esculetin and metformin Modulates the antioxidant and anti-inflammatory cascade. 2023 [59]

TPP Hydroxytyrosol Anti-inflammatory, enhances mitochondrial function and redox 

balance.

2023 [60]

Stearyl-TPP Cholesteryl oleate (CO), poly- 

lactide-co-glycolic acid (PLGA)

Reduces the plaque formation by local accumulation of HDL 

mimetics.

2018 [61]

Mitochondria - 

targeting 

peptide

SS-31 SS-31 Inhibits cholesterol influx to prevent lipid accumulation. 2017 [62]

Lysosome Acidic 

nanoparticles

PLGA PLGA Enhances lysosomal degradation, reduces apoptosis and 

inflammasome activation.

2022 [63]

Osteoarthritis Mitochondria Mitochondrial- 

targeting 
peptide

SS-31 Mn3O4, Single-atom palladium 

(Pd)

Scavenges mROS, promotes mitophagy and cartilage 

regeneration.

2024 [64]

Lipophilic cation TPP Rhein Enhances antioxidant effect and inhibits chondrocyte apoptosis. 2023 [65]

Carboxyl-functionalized 

TPP (TPP-COOH)

Ethylenebis (oxyethylenenitrilo) 

tetraacetic acid (EGTA)

Inhibits the activation of macrophage proinflammatory 

phenotypes, and reduces inflammation.

2023 [66]
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Lysosomes are sites of bacterial degradation in monocytes/macrophages and hiding places for bacteria evading immune 
clearance. During sepsis, dysfunctional macrophages inhibit bacterial phagocytosis and lysosomal degradation, even 
facilitating bacterial immune evasion. Based on this, Zhao et al52 developed an NP system for monocyte/macrophage 
lysosomes (Alpha-MOF). Alpha-MOFs with the CD47 ligand on their surface target monocytes/macrophages. After 
internalization, they are located in the lysosome. The acidic environment dissolves the metal-organic framework, releasing 
zinc and calcium ions, which synergistically enhance bacterial phagocytosis and degradation. Furthermore, the latest 
studies have explored strategies for targeting lysosomes to combat intracellular small colony variants (SCVs) in severe 
infections such as peritonitis and sepsis. Xie53 constructed a nanogel system called NG@G1-mHAG2, encapsulating 
gentamicin and its nano-loaded form in a mannose-modified multilayer structure and destroying its membrane structure via 
the pH-triggered release of Ca²+ in lysosomes to achieve efficient lysosomal escape. This strategy not only reversed the 
antibiotic resistance of low-metabolism SCVs but also showed significant antibacterial and anti-inflammatory effects in 
a mouse model of peritonitis, which is expected to provide new targets for the treatment of sepsis.

Currently, some progress has been made in evaluating the use of inflammatory site-targeting and cell-targeting nanosys-
tems for the treatment of sepsis, while relatively little research has been done on targeted therapies at the organelle level, an 
area that still needs to be further explored and developed to provide more precise and effective strategies for sepsis treatment.

Inflammatory Bowel Disease
IBD is a chronic, nonspecific, and recurrent inflammatory disorder. Common treatment strategies for IBD include anti- 
inflammatory drugs, immunosuppressants, and antibiotics, with fecal microbiota transplantation also being explored as 
a potential therapeutic option. Oral administration remains the preferred method for IBD treatment; however, accurately 
targeting the inflamed regions of the colon is challenging. In recent years, research into targeted nanomedicines for IBD 
treatment has made significant progress. As a novel drug delivery system, NPs leverage the permeability and retention 
properties of the inflamed intestine to deliver drugs precisely to a target site, thereby increasing drug bioavailability and 
reducing potential adverse effects.

In patients with IBD, impaired mitochondrial function leads to excessive ROS production, causing colonic mucosal 
damage and gut flora imbalance. Mitochondria-targeting antioxidants can scavenge ROS to protect mitochondria and 
maintain epithelial barrier function. However, the limited delivery specificity to the colon and the constraints of single- 
factor treatments restrict the efficacy of current therapeutics. Determining how to deliver drugs to the mitochondria of 
colon cells is crucial for optimizing treatment. Yuan et al54 developed an orally hierarchical delivery system (Res MT 
Lip@Gel) that regulates the intestinal microbiota and protects mitochondria to alleviate symptoms of IBD. The system 
uses mitochondria-targeting liposomes loaded with resveratrol and inulin gel. The liposomes are modified with the 
ALD5MTS sequence to target macrophages and epithelial cell mitochondria in the colon, scavenging ROS and promoting 
wound healing. Moreover, inulin regulates the gut microbiota, enhances probiotic growth, increases butyric acid 
production, and supports mitochondrial energy. This hierarchical targeted delivery system improves the interaction 
between host mitochondria and the gut microbiota, significantly alleviating IBD symptoms. Another study developed 
a dual-functional nanocarrier (AST@EGCG-Cys-TPP) with both mitochondria-targeting capability and glutathione 
responsiveness, enabling efficient delivery of the anti-inflammatory and antioxidant agents astaxanthin (AST) and 
epigallocatechin gallate (EGCG). This system precisely targets macrophage mitochondria, effectively alleviates oxidative 
stress, and reprograms the intestinal immune microenvironment.55 pH/ROS dual-responsive NPs also have potential for 
treating IBD. Chao et al69 developed a prodrug delivery system (CMCS-B-DMB) for the treatment of IBD, using 
demethyleneberberine conjugated with carboxymethyl chitosan through boric acid bonds as a pH/ROS dual-response 
trigger. This amphiphilic conjugate forms self-assembled nanomicelles in solution, exhibits strong anti-inflammatory 
effects in vivo, and is effective in treating IBD. Similarly, Zeeshan et al70 prepared and evaluated pH-sensitive 
nanoparticles loaded with glycyrrhizic acid (GA), which effectively delivered GA to inflamed colon tissue and improved 
mucosal inflammation over time. A nanocarrier with both pH-responsive release and precise mitochondrial targeting 
abilities not only protect the drug with gastric acid, preventing its degradation under strongly acidic conditions, and 
improves drug utilization but also greatly enhances the drug’s antioxidant and anti-inflammatory effects. Zhang et al56 

designed a nanocarrier, cauliflower-like carrier (CC), composed of caseinate, chitosan-TPP, and sodium alginate. This 
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nanocarrier improved the biocompatibility, stability, and targeted delivery of astaxanthin, effectively alleviating colitis 
symptoms in DSS-induced mouse models (). Similarly, in another study, hierarchical microspheres encapsulating 
astaxanthin nanoparticles modified with TPP+ also exhibited mitochondria-targeting capability, further suppressing 
macrophage-mediated inflammation and demonstrating potent therapeutic effects in IBD models.57

ERS is a key factor in IBD, but precise organelle targeting remains underexplored. Significant progress has been 
made in oral targeted therapies for inflammatory colon diseases, improving treatment efficacy and minimizing systemic 
toxicity by selectively targeting affected tissues. For example, Ruiping Zhang’s research team71 developed 
a biocompatible and IBD-targeting metabolic nanoregulator (TMNR). TMNR, consisting of melanin-gallium complexes 
encapsulated in thermosensitive, colitis-specific hydrogels, targets inflammatory areas, enhances retention, and provides 
a physical barrier. It also regulates cell and bacterial metabolism, scavenges ROS, and blocks inflammatory pathways, 
resulting in broad-spectrum antioxidant effects. Huang et al72 proposed the use of metal-free melanin nanozymes 
(MeNPs) as a promising treatment for IBD, offering excellent gastrointestinal stability and biocompatibility. MeNPs 
naturally target IBD lesions and alleviate key pathological features, including oxidative stress, ERS, apoptosis, inflam-
mation, intestinal barrier damage, and microbiota imbalance. Min et al73 developed inflamed colon-targeting antioxidant 
nanotherapeutics (ICANs). ICANs consist of mesoporous silica NPs (MSNs) and ROS-scavenging cerium oxide NPs 
(CeNPs) coated with polyacrylic acid (PAA) for improved adhesion to inflamed colon tissue, providing targeted adhesion 
and ROS scavenging for the treatment of IBD.

Overall, few studies on organelle-targeting nanomedicines exist, as research has focused more on targeting inflam-
matory sites and cells. Existing studies have led to significant advancements in nanomedicine applications and lay the 
groundwork for future organelle-targeting research.

Atherosclerosis
AS is a chronic inflammatory disease affecting primarily elastic and muscular arteries. The formation of atherosclerotic 
plaques (cholesterol) can lead to vascular stenosis, and if the plaques become unstable, they may result in thrombosis, 
causing ischemic heart disease and stroke, making AS a leading cause of death and disability worldwide.74,75 

Inflammation plays a central role throughout the development of AS. Evidence shows that proinflammatory cellular 
stress, including mitochondrial and ER stress, oxidative stress, inflammasome, autophagy, and heat shock proteins, 
induces atherosclerotic inflammation.76–81 Studies have confirmed that targeting inflammatory pathways can effectively 
treat AS and prevent its complications.82 Strategies such as inhibiting proinflammatory cytokines, blocking key 
inflammatory signaling pathways, and promoting inflammation resolution have been applied in anti-AS therapy. 
Additionally, NPs have been employed in AS treatment to promote cholesterol clearance, exert anti-inflammatory effects, 
mitigate oxidative stress, and inhibit aging.

Mitochondrial homeostasis is crucial in AS progression. Proteomic studies revealed a significant reduction in 
mitochondrial protein abundance during early AS.81 Mitochondria-targeting nanomedicines, created by conjugating the 
TPP-targeting moiety with anti-inflammatory and antioxidant agents, can concentrate in mitochondria, enhancing their 
function and reducing inflammation. Synthetic TPP derivatives, such as MitoQ and Mito-Esc, show promise in treating 
vascular injury, significantly reducing angiotensin II–induced plaque formation and delaying AS-related aging in long- 
term studies in mice.58,59 Liu et al60 developed nanoparticles by conjugating TPP+ with hydroxytyrosol, enabling 
hydroxytyrosol to cross biological membranes and accumulate in mitochondria, effectively protecting against hyperlipi-
demia-induced endothelial damage. Similarly, Banik et al61 designed mitochondria-targeting high-density lipoprotein 
(HDL)-mimicking polymer-lipid hybrid nanoparticles (T-HDL-NPs). These NPs consist of a hydrophobic core made of 
cholesteryl oleate and biodegradable polylactide-co-glycolic acid (PLGA) coated with a lipid layer containing stearyl- 
TPP for mitochondrial targeting. This design enhances extracellular and intracellular cholesterol transport, optimizes 
cholesterol binding and release, and has significant lipid-lowering and anti-inflammatory effects. In addition, a recent 
study developed an ROS-responsive simvastatin nanoprodrug (OPDH-SV) using a zwitterionic polymer.83 Although 
OPDH-SV does not carry a typical mitochondria-targeting moiety, the ROS-triggered release enables the drug to function 
effectively in oxidative environments; moreover, it achieves intercellular transport and mitochondrial targeting through 
a cellular “endocytosis-exocytosis” mechanism, thereby supporting mitochondrial homeostasis and demonstrating potent 
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anti-inflammatory and lipid-lowering effects for the treatment of atherosclerosis. Notably, plaque regions are often 
characterized by a hypoxic microenvironment, which exacerbates mitochondrial dysfunction and triggers immune- 
inflammatory responses. A recently proposed nanotherapeutic strategy that remains effective under hypoxia offers new 
insights into organelle-targeting treatments for hypoxia-associated inflammatory diseases such as atherosclerosis.84 In 
addition to the conventional mitochondria-targeting moiety TPP, the mitochondria-targeting peptide SS-31 has also 
demonstrated promising therapeutic potential. Studies have shown that SS-31 effectively reduces atherosclerotic plaque 
size, suppresses oxidative stress, and significantly alleviates systemic inflammation, indicating its potential as a candidate 
drug for the prevention and treatment of atherosclerosis.62

Furthermore, emerging evidence highlights a causal link between lysosomal cholesterol accumulation and inflammation, 
indicating that a reduction in lysosomal cholesterol is a key target in the treatment of AS. During AS progression, monocytes 
are recruited beneath the vascular intima, where they differentiate into macrophages to clear residual lipids and cell debris. 
Lysosomal enzymes hydrolyze cholesterol esters into free cholesterol and fatty acids. However, excessive uptake of poorly 
hydrolyzable lipoproteins, such as oxidized low-density lipoprotein (ox-LDL), leads to lysosomal accumulation of unmeta-
bolized cholesterol esters and free cholesterol; this impairs lysosomal and macrophage function, triggers the production of 
inflammatory mediators, exacerbates vascular inflammation, and accelerates AS progression. Since lysosomal function relies 
on an acidic environment, disruption of the H+ gradient compromises enzymatic activity. Restoring lysosomal acidity to 
enhance the degradation capacity of macrophages and mitigate AS represents a promising therapeutic approach. Zhang et al63 

developed an acidic NP delivery system that targets macrophage lysosomes and maintains their acidic pH. When PLGA-based 
NPs are used as carriers, the system effectively restores macrophage autophagy-lysosomal degradation, enhances lysosomal 
function, and reduces apoptosis and inflammasome activation.

Long-term ERS is an important reason for the apoptosis of macrophages and possibly endothelial cells in advanced 
lesions.85 The additional ERS-mediated proinflammatory effects in these cells may also affect the formation of early AS.86 

Unfortunately, due to the technical challenges of targeting organelles, research focused on ER-specific nanotherapeutics 
remains limited and has slow progress. Nevertheless, strategies aimed at alleviating ERS and other organelle dysfunctions 
through responsive nanosystems offer promising approaches for treating vascular injury in various cardiovascular diseases.87

Osteoarthritis
OA is the most common joint disease and is characterized by pain, inflammation, cartilage damage, and limited joint 
mobility, with its prevalence increasing with age.88 The mechanism of OA involves persistent excessive inflammation and 
irreversible destruction of cartilage, with mitochondria playing a key role in its pathogenesis. Mitochondrial dysfunction 
increases the production of ROS, resulting in mitochondrial DNA damage, impaired chondrocyte function, excessive 
apoptosis, reduced autophagy, and enhanced inflammation.89 As disease-modifying drugs for OA are limited, targeting 
oxidative stress pathways is a promising therapeutic strategy. Antioxidants such as vitamin C, vitamin E, glutathione, and 
plant polyphenols are emerging as potential treatments to reduce ROS and slow OA progression.90 Recent studies have 
shown that precious metals, metal oxides, carbides, and other nanoenzymes with the ability to scavenge ROS have great 
potential for the treatment of inflammatory diseases. Compared with natural enzymes, nanoenzymes have better resistance to 
enzymatic degradation and stability in vivo.91 Li’s team64 proposed a novel nanoenzyme, Mn3O4@PDA@Pd-SS31, which 
targets mitochondria, responds to near-infrared light, and scavenges mitochondrial ROS. This nanoenzyme restores mito-
chondrial function, reduces oxidative stress, inhibits inflammation, and promotes cartilage regeneration in OA (). Building on 
this, the team synthesized a new multifunctional Mn3O4/UIO-TPP nanoenzyme combining a Mn3O4 core and a TPP- 
targeting group to scavenge ROS and repair mitochondrial function. In cell and animal models, Mn3O4/UIO-TPP effectively 
reduced mitochondrial dysfunction, inflammation, and oxidative DNA damage, indicating its potential for OA treatment.65 

Additionally, Huang et al92 developed a mitochondria-targeting rhein nanoprodrug (RPT NP) as a potential therapeutic 
option for OA. By covalently coupling rhein with TPP-PEG, the self-assembled NPs can increase the accumulation of rhein 
in mitochondria, boosting its antioxidant effects, inhibiting chondrocyte apoptosis, and slowing OA progression. 
Mitochondrial calcium overload is also an important driver of the inflammatory response and cellular dysfunction in 
osteoarthritis. Excessive calcium accumulation leads to loss of mitochondrial membrane potential, excessive production of 
ROS, and the development of energy metabolism disorders, thereby activating proinflammatory pathways and exacerbating 
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joint tissue damage. A multifunctional mesoporous silica-based nanoparticle system (METP), modified with EGTA, TPP, 
and PEG, was shown to effectively target mitochondria and chelate excess calcium ions, thereby restoring mitochondrial 
calcium ion homeostasis.66 This approach reprogrammed the proinflammatory phenotype of macrophages, inhibited ROS 
production and mitochondrial metabolic shunts, and ultimately alleviated tissue inflammation associated with osteoarthritis, 
highlighting its therapeutic potential.

Advancements in nanotechnology and a better understanding of the OA microenvironment have led to the develop-
ment of stimuli-responsive NP delivery systems targeting microenvironment signals in the joints of patients with OA. 
Specifically, pH-responsive NPs have been designed to exploit the weakly acidic environment of the joints of patients 
with OA. These systems remain stable under physiological conditions and release drugs explosively in acidic environ-
ments, significantly enhancing therapeutic effects. Zhang et al93 reported a pH-responsive MOF (MIL-101-NH2) for 
codelivering curcumin and small interfering RNA. Confocal laser scanning microscopy revealed that MIL-101-NH2 

@CCM-siCy5 could escape lysosomal capture and accumulate in the cytoplasm, with high concentrations of phosphate 
ions in the lysosome triggering the release of Fe³+, destabilizing the MOF structure and allowing interfering RNA to 
avoid enzyme degradation and escape. In summary, pH-responsive NP delivery systems offer a promising approach for 
improving drug delivery and therapeutic outcomes in osteoarthritis by exploiting the acidic environment of the joints of 
patients with OA.

Conclusion
Inflammatory responses are central pathological processes in various diseases, with organelles such as mitochondria, the 
ER, lysosomes, and the Golgi apparatus playing pivotal roles. Despite existing challenges, organelle-targeting nanome-
dicines have demonstrated significant potential in mitigating inflammation and elucidating its mechanisms. This review 
discusses the main nanocarriers and drugs targeting these four key organelles and summarizes the application of 
organelle-targeting nanotherapeutics for the treatment of sepsis, inflammatory bowel disease, atherosclerosis, and 
osteoarthritis, providing new perspectives and strategies for the treatment of inflammatory diseases.

As organelle dysfunction emerges as a key driver of inflammation, organelle-targeting nanomedicines offer significant 
potential for treating inflammation-related diseases through precision and versatility. The precise identification of 
inflammatory pathways at the subcellular level holds promise for revolutionizing diagnostics and informing new clinical 
guidelines. Additionally, organelle-targeting nanomedicines can increase therapeutic efficiency and specificity, advance 
precision medicine, and potentially reduce treatment costs.

While much attention has been given to mitochondria, the endoplasmic reticulum, lysosomes, and the Golgi apparatus 
in organelle-targeting strategies for treating inflammatory diseases, the importance of other organelles should not be 
overlooked.94 Notably, the nucleus also plays a pivotal role in regulating inflammation and cell fate. In recent years, 
nuclear-targeting nanodelivery systems have garnered increasing attention in cancer and gene therapy, with relevant 
reviews (eg, PMID: 38857762) summarizing peptide- and polymer-based nuclear localization strategies and their 
therapeutic potential. However, in inflammatory diseases such as sepsis, IBD, atherosclerosis, and osteoarthritis, 
nanodelivery research has focused primarily on organelles that are more directly involved in inflammatory regulation, 
including mitochondria, the endoplasmic reticulum, lysosomes, and the Golgi apparatus. Nuclear targeting remains 
underexplored in these contexts, possibly due to the lack of inflammation-specific nuclear markers, technical barriers to 
nuclear entry, and limited mechanistic understanding. Therefore, while this review emphasizes organelles with more 
established roles in inflammation, we also acknowledge the nucleus as a promising but underdeveloped target worthy of 
further investigation.

As the field continues to advance, it is important to recognize that organelle-targeting nanotherapeutics for inflam-
matory diseases, despite their potential, still face multiple technical and translational challenges. Here, we provide a brief 
perspective on the persistent challenges: (1) The dynamic and crowded intracellular environment poses significant 
challenges for organelle-specific drug delivery. While current research focuses on organelle-targeting nanomedicines, 
poor retention within organelles remains unresolved. Most nanomedicines enter cells via clathrin-mediated endocytosis 
but are often degraded in endosomes or lysosomes, highlighting the need to optimize endosomal escape mechanisms. The 
unique functions, membrane properties, and defenses of organelles such as mitochondria, the ER, and the Golgi apparatus 
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require careful design consideration. Additionally, the development of stimuli-responsive nanodelivery systems to 
enhance targeting precision, regulate drug release, and minimize leakage during circulation remains a key research 
focus. (2) Current research on organelle targeting focuses largely on its effects in mitigating inflammation, with limited 
exploration of the underlying mechanisms, including drug-organelle interactions, uptake, and intracellular activity. Future 
studies should delve deeper into molecular regulatory mechanisms and identify new molecular targets to enable more 
precise and effective treatments for inflammatory diseases. (3) Timely suppression of excessive inflammation is crucial 
for health and survival. Inflammation resolution involves multiple mechanisms, including blocking proinflammatory 
pathways, producing anti-inflammatory mediators, and clearing or relocating inflammatory cells. Studies suggest that 
targeting a single proinflammatory mediator is often insufficient to halt or reverse inflammation progression. Given the 
coordinated interactions between organelles, developing combined organelle-targeting therapies represents a key direc-
tion in organelle-targeting nanomedicine research. Furthermore, intervention strategies integrating multiple cell types and 
multilevel targets are expected to achieve more comprehensive and precise inflammation regulation at the organelle level. 
Notably, enhancing the targeting specificity of nanodelivery systems toward particular cell types (eg, immune cells) is 
a critical prerequisite for efficient organelle delivery.95 Integrating cell-specific targeting with functional payload delivery 
further augments targeting precision and holds great promise for inflammatory modulation.96 (4) While some nanopar-
ticles show promise in vitro and in animal studies, challenges remain for clinical application. Nanomaterials may 
accumulate in unintended tissues, posing risks of long-term toxicity or immunogenicity. Future research should focus 
on developing simpler, more efficient nanoparticles, prioritizing biodegradable and biocompatible materials (such as 
lipid- or polymer-based systems), and conducting comprehensive safety evaluations, including long-term in vivo studies, 
to meet the specificity and safety requirements for inflammation treatment.

Future Perspectives
Although this review focuses on inflammation, advancements in organelle-targeting strategies hold promise for devel-
oping more efficient and safer diagnostic and therapeutic approaches across various fields. Organelle-targeting nanome-
dicine may become a cornerstone of precision medicine, evolving from single-target therapies to system-level approaches 
such as multiorganelle delivery platforms to restore mitochondrial and lysosomal function or regulate ER stress and 
Golgi dysfunction. Combined with advanced diagnostic technologies, organelle-specific biomarkers, and imaging tools, 
this strategy could enable precise and rapid diagnosis, particularly in the early stages of diseases such as atherosclerosis. 
Additionally, organelle-targeting therapies are expected to evolve toward personalization, with nanoparticles tailored to 
patient profiles and cellular environments, driving the realization of individualized precision medicine. Furthermore, the 
integration of nanotechnology advancements with artificial intelligence has the potential to bridge the gap between 
laboratory research and clinical applications. Machine learning algorithms can be utilized to optimize nanoparticle design 
and drug delivery pathways, simulating how organelle-targeting therapies interact with cells to predict efficacy and side 
effects, thereby driving progress in nanomedicine.

In summary, organelle-targeting nanomedicine offers a novel approach for treating inflammatory diseases and has the 
potential to revolutionize diagnostics and therapies across various fields. While challenges remain in clinical translation, 
advancements in technology are expected to overcome these obstacles. In the future, organelle-targeting therapies will 
integrate deeply with precision medicine, enabling personalized nanoparticle design and combining diagnostic and 
therapeutic functions. This approach could transform the management of complex diseases, bridging the gap between 
exploratory research and large-scale clinical application.
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