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Abstract 
Acute kidney injury (AKI), a common kidney disease in which renal function decreases rapidly due to various etiologic factors, is an important 
risk factor for chronic kidney disease (CKD). The pathogenesis of AKI leading to CKD is complex, and effective treatments are still lacking, which 
seriously affects the prognosis and quality of life of patients with kidney disease. Nanomedicine, a discipline at the intersection of medicine and 
nanotechnology, has emerged as a promising avenue for treating kidney diseases ranging from AKI to CKD. Increasing evidence has validated 
the therapeutic potential of nanomedicine in AKI; however, little attention has been paid to its effect on AKI for patients with CKD. In this review, 
we systematically emphasize the major pathophysiology of the AKI-to-CKD transition and summarize the treatment effects of nanomedicine on 
this transition. Furthermore, we discuss the key role of nanomedicine in the regulation of targeted drug delivery, inflammation, oxidative stress, 
ferroptosis, and apoptosis during the transition from AKI to CKD. Additionally, this review demonstrates that the integration of nanomedicine 
into nephrology offers unprecedented precision and efficacy in the management of conditions ranging from AKI to CKD, including the design 
and preparation of multifunctional nanocarriers to overcome biological barriers and deliver therapeutics specifically to renal cells. In summary, 
nanomedicine holds significant potential for revolutionizing the management of AKI-to-CKD transition, thereby providing a promising opportunity 
for the future treatment of kidney diseases.
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Highlights 

• Maladaptive repair following AKI has been a longstanding challenge in the progression of CKD. 
• We explored the mechanisms of nanomedicine for different pathological processes. 
• This review is the first to shed light on the potential of targeted nanomaterials as therapeutic interventions against the AKI-to-CKD transition. 
• Targeting nanotechnology currently offers new insights into potential therapeutic strategies. 

Background 
Acute kidney injury (AKI) is a common clinical kidney disease 
complication and has been considered a benign and reversible 
clinical syndrome, but recent clinical and experimental studies 
have indicated a close association between AKI and chronic 
kidney disease (CKD) [1]. During AKI, distinct pathological 
manifestations, including renal tubular epithelial cell injury, 
inflammatory cell infiltration, and impaired vascular function, 
can trigger intricate self-repair mechanisms in the kidney [2]. 
When maladaptive repair occurs, the proliferation and acti-
vation of fibroblasts within the renal interstitium, along with 
the deposition of extracellular matrix components, further 
increase the likelihood of progression to CKD [3]. 

According to etiological classification, the pathogenesis of 
AKI can be categorized into decreased renal perfusion, intrin-
sic renal disease, and urinary obstruction [4]. Diverse and 
complex etiologies lead to obvious obstacles in AKI treatment 
[5]. Conventional treatments often involve low efficiency 
and delayed diagnosis while primarily focusing on support 
management for patients with AKI. Strategies for halting 
or slowing down the transition to CKD are limited to tra-
ditional approaches. Therefore, novel approaches, including 

pharmaceuticals and technologies, that can provide precise, 
user-friendly, and highly efficient therapeutics for AKI-related 
CKD treatment are urgently required. Nanomedicine has 
recently emerged as a potential solution to address these issues 
and offers new therapeutic strategies for renal diseases [6–8]. 

Nanomedicine is a branch of medicine that involves the use 
of nanoparticles (NPs) for the diagnosis, monitoring, preven-
tion, and treatment of diverse diseases. In nanomedicine, NPs 
have a profound impact on cellular interactions, transport 
mechanisms, biodistribution, and pharmacokinetics because 
of their distinctive physical and chemical attributes [9–11]. 
NPs possess various advantages and serve as therapeutic 
delivery carriers with enhanced efficacy and improved 
stability [12–14], thereby enabling precise and controlled 
release of various payloads, such as small molecule drugs, 
peptides, proteins, DNA, RNA, and their combinations, 
over an extended period of time [15]. Inspired by the 
benefits of NPs, the combination of nanomedicine with 
conventional treatments could slow down the progression of 
AKI to CKD. 

In this review, we provide a comprehensive overview of 
the recent advancements in the transition from AKI to CKD.
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In the first section, we present the critical biological mecha-
nism of AKI-to-CKD transition, which can potentially inspire 
novel syntheses, engineering strategies, and applications in 
nanomedicine. Next, we briefly provide an overview of the 
engineered nanomaterials currently used for kidney diseases 
to inspire the novel design of nanomaterials for targeted 
therapeutic development. Subsequently, we summarize the 
applications of nanomedicine to address various pathogenic 
mechanisms for the treatment of AKI and prevention of its 
progression to CKD. In particular, we highlight the advan-
tages of nanomedicine in promoting the efficacy of nanoscale 
treatments for theranostic applications. By enhancing our 
understanding of the intricate interactions between NPs and 
the kidney, we aim to propel the field of nanomedicine for-
ward and expand its application in the management of renal 
diseases. 

Review 
Potential mechanisms of AKI-to-CKD transition 
Despite comprehensive research efforts directed toward 
unraveling the mechanisms governing the transition from 
AKI to CKD, effective therapeutic strategies for preventing 
this progression have not yet been identified. One reason 
for this is that the pathogenesis of AKI is multifaceted, as 
each patient exhibits significant heterogeneity of underlying 
conditions. Therefore, we provide an overview of the current 
understanding of the mechanisms underlying AKI progression 
to CKD, as shown in Figure 1. The biological mechanisms 
underlying the AKI-to-CKD transition involve processes 
that can be effectively targeted by the unique capabilities 
of nanomedicines. Their ability to provide controlled, 
sustained release of drugs ensures consistent therapeutic 
levels, addressing the chronic nature of AKI progression. 
Additionally, the multifunctional nature of nanomedicines 
allows for target delivery of anti-inflammatory, antioxidant, 
and antifibrotic agents, tackling multiple pathways as 
described. These approaches hold the promise of improving 
outcomes for patients by providing more precise, effective, 
and safer treatments. 

Reactive oxygen species and mitochondrial dysfunction 
AKI is a common kidney disease caused by many factors, 
including ischemia–reperfusion injury (IRI), nephrotoxins, 
and sepsis, and is characterized by a reduction in renal 
blood flow [16]. Hypoperfusion is a well-known activator 
of renal damage via the production of reactive oxygen 
species (ROS), which includes the commonly observed 
free-radical superoxide anion, hydroxyl radical, and the 
non-radical oxidant hydrogen peroxide [17]. Normally, 
endogenous antioxidants are generated and counterbalance 
the overwhelming oxidant production to protect against 
mild or early stages of injury. However, severe injuries can 
enhance ROS production, induce cell death, and promote 
vascular dysfunction, inflammation, and cell cytotoxicity, 
which are typically observed during the transition from AKI 
to CKD [18]. Prolonged exposure to increased oxidative 
stress often results in chronic inflammation of the kidney 
microenvironment. This process results in a harmful cycle 
by activating the nuclear transcription factor κB, which 
mobilizes immune cell activation and recruitment. Therefore, 
inflammatory cytokines associated with oxidative stress 

promote pathological damage by inducing apoptosis and 
fibrosis, thus playing a vital role in CKD [19]. 

Mitochondria serve as essential regulators of ROS and the 
delicate balance of ROS regulation within the mitochondria 
is highly vulnerable to oxidative stress-induced impairment. 
One study innovatively employed a mitochondrial membrane-
potential-dependent dye for intravital imaging using multi-
photon microscopy, enabling the observation of mitochon-
drial structure, membrane potential, and functional changes 
within the proximal tubules in vivo [20]. The results demon-
strated that depletion of ATP and changes in the structure of 
mitochondria, which lead to alterations and dysfunction of 
energy metabolism, are observed in the initial stage of AKI 
[20,21]. Other studies also confirmed the pivotal role of mito-
chondrial homeostasis as a mediator in the transition from 
AKI to CKD [22,23]. The deletion of genes that are aberrantly 
expressed when AKI occurs can alleviate progressive renal 
injury and fibrosis, and promote subsequent renal restoration 
[24,25]. 

p53 regulation 
p53, which was originally identified as a well-known tumor 
suppressor, plays an important and paradoxical stress-
dependent role in maintaining cell survival and promoting 
cell death. However, the discovery of novel functions of 
p53 that are important in the stress response and in 
maintaining cellular homeostasis promoted its use as an 
essential therapeutic target. How does p53 play a role 
in inducing proximal tubule injury? When AKI occurs, 
disruption of the cellular redox system leads to dramatically 
increased ROS levels in tumor endothelial cells (TECs). ROS 
can regulate p53 activity directly through redox modifications 
or indirectly by inducing signaling pathway responses to p53 
activation. For example, ataxia telangiectasia mutated (ATM) 
and ATR (ATM and Rad3-related), which are oxidative 
stress-induced kinases, are activated in cisplatin (CP)-induced 
kidney injuries and subsequently contribute to the increased 
phosphorylation of p53 and TEC dysfunction [26]. Compared 
with their wild-type counterparts, p53 knockout mice are 
better protected from aristolochic acid-induced acute tubular 
injury and disease progression [27]. Furthermore, various 
severe and persistent stress stimuli, including hypoxia, DNA 
damage, inflammation, and nutrient stress, can activate 
p53 and play important roles in the progression of AKI 
to CKD. An experimental study demonstrated that G2/M 
cell cycle arrest triggers the upregulation of profibrogenic 
growth factors through the c-jun NH2-terminal kinase (JNK) 
signaling pathway in unilateral and severe IRI as well as in 
aristolochic acid-induced and unilateral ureteral obstruction 
(UUO) profibrotic AKI models. Treatment with a p53 or JNK 
inhibitor reversed G2/M cell cycle arrest and attenuated renal 
fibrosis [28]. Similarly, in TEC-specific p53 knockout AKI 
mice, renal injury, transforming growth factor β activation, 
and apoptosis were markedly improved compared to those 
in wild-type mice [29]. However, global p53 knockout mice 
develop more severe AKI than wild-type mice in response to 
IRI, likely because of increased inflammation, suggesting the 
importance of precise and targeted p53 knockout for further 
treatment [30]. 

Ferroptosis 
Ferroptosis is a non-apoptotic regulated cell death process 
that manifests as an imbalance in the intracellular iron and
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Figure 1. Potential mechanisms underlying AKI-to-CKD progression. Several mechanisms, including ROS accumulation, mitochondrial dysfunction, p53 
activation, and lipid peroxidation damage, have been postulated to lead to maladaptive repair after AKI, potentially exacerbating the progression of CKD. 
These mechanisms can be independently induced by acute injury or interact synergistically to enhance their effects. These processes appear to involve 
the recruitment of tubular cells and macrophages, which also contribute to the secretion of profibrotic cytokines and pericyte transformation into 
myofibroblasts. Upon the application of NPs, tissue injuries can be repaired, and the progression from AKI to CKD can be halted through actions such as 
ROS scavenging as well as anti-apoptotic and anti-inflammatory pathways. AKI acute kidney injury, CKD chronic kidney disease, ROS reactive oxygen 
species, NPs nanoparticles 

redox systems resulting from the overgeneration of toxic lipid-
peroxidation products [ 31]. A recent study evidenced that 
ferroptosis is involved in the pathogenesis of AKI and its pro-
gression to CKD [32]. It regulates various metabolic processes 
involved at this stage, including inflammation, fibrosis, and 
cell death. The glutathione/glutathione peroxidase 4 (Gpx4) 
axis is the central defense pathway that prevents ferrop-
totic stress and ferroptosis. Researchers have used conditional 
knockout Gpx4 mice after IRI and found that their kidneys 
not only exhibited severe tubular injury on Day 21, but 
also accumulated KIM+KRT8+ (damage-associated marker) 
tubular cells [33]. However, treatment with liproxstatin-1 
(a ferroptosis inhibitor) prevents renal atrophy and reduces 
ferroptotic stress [34]. 

The regulatory mechanisms of ferroptosis are not inde-
pendent; they are intricately associated with mitochondrial 

dysfunction in both AKI and CKD [35]. Mitochondria are 
central sites for intracellular iron metabolism and contain 
enzymes that play essential roles in redox reactions, ATP gen-
eration, DNA synthesis, and various cellular processes [36]. 
The accumulation of free iron in cells impairs mitochondrial 
biogenesis, resulting in further mitochondrial dysfunction. 
Disrupted energy metabolism results in ROS accumulation 
and decreased ATP production, which exacerbates ferroptosis 
and cell death [37,38]. Therefore, targeting the reduction of 
ferroptosis may serve as a novel direction for investigating the 
AKI-to-CKD transition. 

Extracellular vesicle contents 
Extracellular vesicles (EVs) are diverse membranous vesi-
cles released by cells into the external environment that 
play important roles in intercellular communication and
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regulation of physiological processes [39,40]. They are 
important mediators of the spread of pathological cargo 
from dysfunctional cells during AKI. Previous investiga-
tions evidenced that EVs derived from dysfunctional cells 
contain various pathological factors that produce an ideal 
microenvironment for inflammation and hyperimmunity. 
TEC-derived EVs containing increased microRNA-19b-3p 
mediate communication between macrophages and TECs, 
promoting M1 macrophage activation and tubulointerstitial 
inflammation in a lipopolysaccharide-induced AKI mouse 
model [41]. During AKI development, injured glomerular 
endothelial cell-derived EVs can induce neutrophil infiltration 
and inflammatory responses [42] and promote renal fibrosis 
through microRNA-150-containing EVs [43]. EV microRNA-
21 (miR-21) from TECs also accelerated the development of 
kidney fibrosis by activating fibroblasts through the miR-
21/phosphatase and tensin homolog (PTEN)/Akt pathway in 
a UUO mouse model [44]. Furthermore, EVs can be used as 
diagnostic markers because they contain cargo derived from 
the parental cells, mirroring the pathophysiological status of 
AKI [45]. Urinary exosomal activating transcription factor 
3 was increased in patients with AKI even before serum 
creatinine was assessed, evidencing the potential of exosome-
excreted activating transcription factor 3 as an early-stage 
biomarker for AKI [46]. These studies support the role of EVs 
in inflammation and fibrosis, two prominent pathological 
pathways involved in both AKI and the transition from AKI 
to CKD. 

Nanoparticle classification 
In recent years, nanotechnology has been extensively applied 
in nanomedicine because it addresses several issues associated 
with conventional therapeutic agents in the medical field 
[47–49]. NPs are versatile materials with diameters <100 nm 
that are classified into zero-dimensional (0D), 1D, 2D, and 3D 
structures [50]. While early-stage NPs were mostly composed 
of unmodified natural materials, engineered NPs have recently 
undergone various revolutionary developments and can be 
designed and produced with complex architectures, target-
ing capabilities, and controlled release systems to maximize 
efficacy and safety [51]. For example, photoacoustic/Raman-
based nanoprobes can provide highly sensitive real-time intra-
operative differentiation for photoacoustic imaging and ther-
agnostics [52]. Moreover, a glucose nanosensor based on 
hydrogels and Ag-NPs was designed to detect the glucose 
concentration in the urine of diabetic patients [53]. Given 
the special role of the kidney in the filtration and absorp-
tion of drugs, an increasing number of studies have focused 
on the application of nanomedicine for the treatment of 
nephrological diseases. In this section, we summarize the 
properties and characteristics of NPs, which may lead to 
the development of innovative precision therapies comprising 
renal-protective materials for the prevention of AKI-to-CKD 
transition (Figure 2). 

Polymeric NPs 
Polymeric NPs are particles within the size range 1–1000 nm 
that are composed of natural or synthetic materials and 
appear in two forms, nanocapsules and nanospheres, distin-
guished by their morphological structures [54]. Depending 
on the desired properties and requirements of the NPs for a 
particular application, different methods can be employed for 

their synthesis, such as solvent evaporation [55], emulsifica-
tion [56], and nanoprecipitation [57]. The unique properties 
and features of polymeric NPs, including biocompatibility, 
biodegradability, and nontoxicity, allow them to be used in 
a broad spectrum of applications. They are used as drug 
carriers in biomedical imaging, for biomarker detection, in 
disease treatment, and in other medical fields. Chitosan, a 
common natural polymer, is widely used as the shell mate-
rial for polymeric nanocapsules. Unlike polyethylene glycol 
(PEG) and polyvinyl alcohol, chitosan is biodegradable, bio-
compatible, mucoadhesive, and has been widely used as a 
drug carrier. Additionally, NPs covered with chitosan can be 
modified using functional (amino) groups and surface cations. 
A positive charge can improve the interaction between NPs 
and the negatively charged glomerular capillary wall [58], 
allowing NPs to pass through the glomerular charge barrier 
more easily. 

Compared to natural polymers, synthesized materials have 
demonstrated significant advantages in terms of quality and 
purity. These materials can be tailored to meet different 
pharmaceutical requirements, and possess various chemical, 
ionic, mechanical, solubility, and degradability properties 
[59]. The most commonly used synthesized materials include 
poly(lactic-co-glycolic acid) (PLGA), poly(ε-caprolactone), 
PEG, polyvinylpyrrolidone and Eudragit [60]. Among these, 
PLGA-based NPs are widely used for clinical diagnosis and 
treatment of diseases. Yu et al. designed PLGA-oltipraz NPs 
to treat IRI-AKI and renal fibrosis. Their results demonstrated 
that PLGA-oltipraz NPs improved cell viability and had 
greater antioxidative effects, lower malondialdehyde content, 
and higher superoxide dismutase activity, thereby significantly 
reducing renal tubular necrosis and fibrosis during the IRI 
recovery stage [61]. These findings reveal that polymeric NPs 
are a promising treatment strategy for AKI progression. 

Inorganic NPs 
Inorganic NPs include metallic, carbon-based, and magnetic 
iron oxide NPs, as well as quantum dot-based NPs composed 
of semiconductor materials. Owing to their controllable size, 
excellent biological stability, unique electrical/magnetic prop-
erties, and good biocompatibility, these NPs have been widely 
engineered for disease diagnosis, imaging, and biomedical 
treatments [62], thereby showing their great potential for 
applications in the medical field. 

Gold-based NPs, among the most utilized metallic NPs, 
are excellent candidates for therapeutic strategies such as 
biosensor detection and as drug nanocarriers [63]. Multiple 
surface functionalities can be obtained when these materials 
are combined with different ligands. Moreover, the ability 
and properties of the nanosystem depend on the NP surface 
area. Generally, the smaller the NP size, the denser the sur-
face atoms, which leads to closer interaction and recognition 
specificity [64]. For example, quantum-dot NPs possess tissue-
accumulating properties and are ideal agents for monitoring 
long-term disease progression. 

Commonly studied inorganic NPs also include iron oxide 
NPs, which can be classified into two types based on their size: 
ultrasmall superparamagnetic iron oxides (USPIO, <50 nm 
diameter) and SPIO (>50 nm diameter) [65]. Iversen et al. 
demonstrated that polyacrylic acid-coated magnetic iron 
oxide NPs are safe for use in healthy BALB/cJ mice and do not 
affect the glomerular filtration rate of their kidneys [66]. In 
addition, magnetic resonance imaging with USPIO particles
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Figure 2. Summary of NPs employed for biomedical applications. The application of NPs in kidney treatment can be broadly categorized into five classes 
based on their size, shape, and chemical properties. The specific classifications and synthetic processes of NPs can also be modified through different 
targeting molecules to achieve more efficient targeted delivery. NPs nanoparticles, EVs extracellular vesicles 

via intravenous injection appeared to successfully monitor 
inflammatory cell distribution within the kidney, which is 
used for the detection of renal transplant rejection [ 67]. These 
results suggest that iron oxide NPs are a promising tool for 
non-invasive and sensitive biomonitoring. 

Hydrogels 
Hydrogels are 3D hydrophilic polymer platforms that 
typically absorb large volumes of water while maintaining 
physical integrity [68]. They offer adjustable physicochemical 
properties such as mechanical strength, pore size, network 
structure, degradability, ligand presentation, and stimulus 
responsiveness [69]. The inherent hydrophobicity of tra-
ditional hydrogels has improved with the combination of 
hydrogels and nanomaterials, making hydrogel nanocompos-
ite systems useful tools for facilitating localized therapies. 

Currently, the prevalent routes of hydrogel administra-
tion for kidney treatment are intra-arterial, intraparenchymal, 
and intracapsular injections in the liquid phase [70]. Upon 
localization in the target tissue, hydrogels undergo gelation 
through different mechanisms, mainly involving self-assembly 

[71] or stimuli-responsive polymerization (e.g. pH, thermal, 
or electronic). With the degradation of gelatinized hydrogels, 
the controlled release of cargo payloads such as drugs, cyclic 
peptides, NPs, and biovesicles plays a pivotal role in their 
therapeutic effects [72]. In addition to serving as drug-loaded 
carriers, hydrogels can serve as engineered matrices with 
growth factors to provide suitable conditions for the self-
renewal and differentiation of mesenchymal stem cells (MSCs) 
[73]. The therapeutic effect of EVs on kidney injury can 
be improved by encapsulation in thermosensitive injectable 
collagen hydrogels, which significantly increase the stability 
and long-term retention of EVs in vivo [74]. These engineered 
hydrogels can offer insights into AKI progression and be 
implemented for its localized treatment. 

DNA origami 
DNA origami is a new nanotechnology that facilitates 
the folding of long single-stranded DNA (scaffolds) into 
complex 2D or 3D nanostructures by exploiting intra-
and inter-molecular Watson–Crick base pairings [75]. Such 
tightly folded 3D conformational DNA nanostructures
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bypass some of the limitations of conventional linear and 
circular DNA duplexes, enabling the notable enhancement 
of nuclease resistance and origami stability. DNA origami 
nanostructures exhibit excellent properties including marked 
biocompatibility, low cytotoxicity, and high loading efficiency, 
thus offering potential advantages for targeted drug delivery 
[76]. Conventionally, single- or double-stranded DNA barely 
permeates the live cell membranes. However, recent studies 
have revealed that DNA nanostructures can be readily 
transported into cells with high cellular-uptake efficiency 
[77,78]. 

As a promising tool for drug delivery, various therapeutic 
cargos, including small molecules, proteins, and nucleic acids, 
can be delivered via DNA origami. Because DNA origami and 
cargo nucleic acids share the same type of molecule, employing 
exogenous nucleic acid strands [e.g. small interfering RNA 
(siRNA) and cytosine phosphate-guanine] as medicines to 
execute the corresponding functions is more convenient [79]. 
Overall, DNA origami has shown positive effects on cellular 
delivery, which makes DNA nanostructures good candidates 
as immunotherapeutic carriers. In the following sections, we 
summarize the application of DNA origami in the AKI-to-
CKD transition. 

Nanomedicine-dependent therapeutic methods for 
AKI-to-CKD progression 
Glomerular filtration barrier structure 
The nephron, composed of the renal corpuscle and tubular 
system, is the major unit for blood filtration and substance 
reabsorption. The renal corpuscle is formed by bundles of 
capillaries called glomeruli and is encapsulated by Bowman’s 
capsule. The key process for achieving precise targeted trans-
port and clearance of NPs is passing through the glomeru-
lar filtration barrier (GFB), which consists of glomerular 
endothelial cells (70–100 nm), podocytes (<12 nm), and the 
glomerular basement membrane (2–8 nm). In healthy states, 
molecules with molecular size >6–8 nm cannot freely pass 
through the GFB. In AKI, enlargement of endothelial-cell 
fenestrations, loosening of the basement membrane, and loss 
of podocytes are observed, collectively resulting in damage to 
the GFB. This compromised barrier facilitates the filtration of 
NPs and larger substances (Figure 3). NPs are engineered with 
surface ligands that bind specifically to receptors expressed 
in damaged kidney tissues. These ligands ensure that the 
nanomedicines precisely target the injury sites. Lawrence et al. 
demonstrated the feasibility of using a synthesized nano-
delivery system (diameter ∼190 nm) to target podocytes by 
selectively binding to the melanocortin-1 receptor, indicating 
not only the potential of these systems to traverse the other 
two layers of the GFB [80], but also showing that passing 
through the GFB is determined by a variety of factors. By 
modulating NP characteristics such as size, charge, shape, and 
surface chemistry, it is possible to precisely control their inter-
actions with distinct renal compartments and target specific 
cells [81]. 

Overall, the properties of the injured GFB, combined with 
the targeting characteristics of NPs, enable NPs to specifically 
address various injury mechanisms during the treatment of 
the AKI-to-CKD transition. This targeted approach leverages 
the unique pathophysiological features of the damaged kidney, 
allowing for precise intervention that can mitigate progression 
and improve outcomes. 

NPs targeting ROS 
Given the important role of ROS and mitochondrial dysfunc-
tion in the initiation and progression of AKI, ROS elimination 
appears to be a promising strategy for preventing AKI pro-
gression. Various types of nanomaterials provide innovative 
methods for the targeted delivery of renoprotective drugs and 
materials to achieve higher therapeutic efficacy (Table 1). 

Polymeric NPs. As mentioned previously, PLGA is a com-
monly used and food and drug administration (FDA)-
approved synthesized nanomaterial that is already used in 
clinical applications. Liu et al. generated gypenoside XLIX-
loaded PLGA (PLGA-Gyp XLIX) NPs with a diameter of 
∼120 nm, which selectively accumulated in the injured 
kidneys of a UUO mouse model. The therapeutic effect 
was evaluated initially, and at Days 3 and 7 following 
tail vein injections of NPs at a concentration of 5 mg/kg 
every other day. PLGA-Gyp XLIX NPs alleviated renal 
fibrosis mainly through the transforming growth factor 
β/SMAD family member 3 (SMAD3)-dependent signaling 
pathway [82]. Subsequent studies have demonstrated the 
recovery of mitochondrial and cellular functions by inducing 
mitochondrial biogenesis (MB), which is the main process in 
ROS production. They encapsulated formoterol (a PGC-1α 
agonist known as a stimulator of MB) in a polymeric matrix 
composed of PLGA-PEG NPs and evidenced sustained drug 
release, renal localization, and MB in rabbit renal TECs and 
male C57BL/6 mice [83]. 

In addition, chitosan has been demonstrated to be useful 
for AKI treatment. Liu et al. combined a prodrug (SC-TK-
SS31) with L-serine-modified chitosan as a drug carrier 
for effective AKI therapy. By targeting L-serine to induce 
kidney injury molecule-1 (Kim-1), particularly in injured 
renal proximal tubules, the accumulation and therapeutic 
efficacies of SC-TK-SS31 in these tubules were improved 
by protecting against apoptosis from oxidative stress in 
the mitochondria [85] (Figure 4). Similarly, a chitosan-based 
carrier binding mangiferin, a polyphenol that protects against 
and attenuates oxidative stress, significantly improved the 
bioavailability and solubility of mangiferin and scavenged 
free radicals in renal cells [84]. Compared with neutrophil 
gelatinase associated lipocalin (NGAL) and Kim-1, which are 
early injury markers of AKI, CD44 may be associated with 
maladaptive repair and subsequent renal fibrosis after AKI 
[108]. Hyaluronic acid (HA) can inherently and specifically 
target CD44 receptors. Based on these findings, Hu et al. 
identified a cell-targeted drug delivery system that combined 
HA with curcumin to significantly alleviate the levels of pro-
inflammatory cytokines and oxidative stress in an IRI-AKI 
murine model and HK-2 cells [86]. 

Inorganic NPs. Inorganic NPs, including ceria [109], selenium 
[110], quantum dots, and molybdenum, have been used 
to treat various ROS-related diseases, particularly AKI, 
owing to their inherent capability to effectively quench ROS. 
Graphene quantum dots (GQDs) exhibit ROS-scavenging 
activity and renal specificity. Wang et al. took advantage 
of GQDs and constructed phenol-like group-functionalized 
GQDs (h-GQDs) with an increased number of phenol-
like groups and decreased number of carbonyl groups, 
which benefited the antioxidative activity of AKI treatment 
[88]. Similarly, Gao et al. modified carbon nanodots with 
m-phenylenediamine functional groups, which exhibited
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Figure 3. Schematic structure of renal filtration and accumulation of NPs. The renal GFB consists of podocytes, the glomerular basement membrane, 
and endothelial cells, all of which carry a negative charge. NPs ranging from 4 to 10 nm can freely pass through the GFB, those ranging from 10 to 
100 nm can penetrate the endothelial layer but cannot pass through the intact GFB, while NPs >100 nm cannot cross the GFB under healthy conditions. 
However, in the event of AKI, the damaged barrier facilitates the filtration of NPs and larger substances. NPs <100 nm can breach the compromised 
GFB and enter proximal tubular epithelial cells. NPs >100 nm may access tubular cells through the peritubular capillaries surrounding the renal tubules. 
When NPs are engineered with targeting peptides, they can selectively accumulate within target cells. NPS nanoparticles, EVs extracellular vesicles, 
AKI acute kidney injury, GFB glomerular filtration barrier 

excellent biocompatibility and safety in vivo without causing 
histological injury. m-Phenylenediamine-carbon nanodots 
may therefore serve as potential candidates for treating both 
CP-induced AKI (CP-AKI) and IRI-AKI because of their 
antioxidant activity [ 89]. Moreover, carbon quantum dots 
(CQDs) can be used as dopants for engineering materials 
containing trace elements such as selenium. Selenium-doped 
CQDs (SeCQDs) can improve cell viability by scavenging 
various free radicals, including superoxide anion radicals, 
hydroxyl radicals, and hydrogen peroxide, in the treatment 
of rhabdomyolysis-induced AKI (RM-AKI) and prevent CP-
AKI injury [90]. In another study, Ni et al. synthesized 
molybdenum-based polyoxometalate nanoclusters with an 
ultra-small size (∼10 nm), which demonstrated renal targeting 
and antioxidant activity to prevent AKI. In the CP-AKI mouse 
model, polyoxometalate successfully alleviated ROS-induced 
mitochondrial damage and inhibited the development of 
renal injury by scavenging excess ROS after intravenous 
administration at a dose of 1 mg per mouse [91]. 

DNA origami. DNA origami exhibits high reactivity toward 
electrophilic reactive oxygen/nitrogen species because of its 
abundant nucleophilic groups, and can thus serve as a potent 
active reductant [111]. Interactions with ROS play the role 
of safeguarding against endogenous biomolecules. During 
the onset of AKI, excessive ROS production from damaged 
mitochondria leads to the disruption of DNA integrity. Hence, 
exogenous DNA nanostructures can react directly with ROS 
to reduce cell damage and alleviate AKI progression. 

Recently, Jiang et al. used a rectangular DNA origami 
nanostructure (Rec-DONs) and demonstrated that it 
preferentially targeted the kidneys and efficiently restored 
renal function in RM-AKI mice by scavenging ROS. More-
over, short single-stranded DNAs and partially folded 
scaffold DONs undergo rapid renal clearance [94]. Owing 
to their good biocompatibility, low immunogenicity, and 
rapid therapeutic responses, Rec-DONs play a pivotal role 
in AKI treatment. The contribution of oxidative stress and 
inflammation to AKI is magnified by the activation of C5a. 
Chen et al. equipped Rec-DONs with an anticomplement 
component 5a (aC5a) aptamer to selectively block C5a-
mediated cytokine storms and relieve oxidative stress, which 
decreased renal malondialdehyde and C5a levels during 
multistage repair in IRI-AKI mice [95]. 

Recently, a research group employed a stable tetrahedral 
framework nucleic acid (tFNA) and a traditional Chinese 
medicinal extract of Typhaceae (Typ) to develop a tFNA-Typ 
complex that enhanced the bioavailability and stability of Typ. 
By alleviating mitochondrial oxidative stress and reducing cel-
lular apoptosis following IRI, the restoration of mitochondrial 
function was facilitated, ultimately enhancing outcomes in 
IRI-AKI model mice [96]. Consistent with the findings of a 
previous study, tFNA protected TECs from cytotoxicity by 
scavenging excessive ROS [97]. 

Other materials. In addition to NPs, various other materials 
that can enhance the payload performance have been 
studied and these findings provide valuable insights for the
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Figure 4. Therapeutic efficacy of SC-TK-SS-31 in AKI progression. (a) the percentage of apoptotic cells decreased, especially those in the early stage of 
apoptosis. ∗∗∗p<0.001, ##p <0.01 and ###p<0.001 between groups.(b) SC-TK-SS31 treatment exhibited the highest reduction of mitochondrial ROS 
production as compared to the other three drugs. (c) In comparison with other groups, hematoxylin and eosin staining revealed that the SC-TK-SS31 
treatment group has renal protective effects, as the brush borders were well preserved in proximal tubules. Scale bar, 50μm.The normal mice kidneys 
architecture with remarkable brush borders (shown as black arrowheads). Red arrowheads donate hyaline casts and cell sloughing. Asterisks donate 
adhesion.(d) Treatment of SC-TK-SS31 largely decreased the numbers of damaged mitochondria in proximal tubular cells of AKI mice [85]. Swollen 
mitochondria are noted with arrowheads. N, nucleus. Scale bar, 1μm. OSOM outer stripe of the outer medulla.© 2020 science advances. AKI acute 
kidney injury, ROS reactive oxygen species 

future development of drug-delivery systems. For instance, a 
milestone advancement in cellular repair with local delivery 
was introduced by Tsurkan et al. in 2013, who combined 
multi-armed PEG (starPEG) and heparin to construct 
micrometer-sized hydrogel NPs [ 98]. They developed a new 
biohybrid platform that showed good flexibility, hydrophilic 
characteristics, and high affinity for various growth factors. 
The results showed antioxidant activity in vitro and renal 
tubular regeneration in a glycerol-induced AKI model 
generated via subcapsular injection. In 2017, Zhao et al. 
developed a more complex material with a self-assembling 
design strategy to generate an injectable self-assembling 
peptides (KLDD) hydrogel that prolonged the release time 
of mitochondrion-targeted antioxidants [99]. 

Lipid-based NPs facilitate the targeting and efficacy of 
selective drug compounds. Van Alem et al. established 
prednisolone-loaded conjugated PEGylated lipid NPs. At 96 
h after injection, the accumulation of prednisolone in the 
inflamed kidney was enhanced and the proinflammatory 
state was improved in IRI-AKI model rats [100]. Enhancing 
the solubility of NP structures is necessary to expand 

their applications. One method is to use a microemulsion 
to encapsulate both hydrophobic and hydrophilic drug 
compounds in both the hydrophilic and lipophilic domains, as 
demonstrated by Rahdar et al. They encapsulated quercetin 
in an F127 microemulsion to improve its bioavailability. This 
nanoencapsulated quercetin restored renal ROS injury in 
gentamicin rats and even reversed gentamicin-induced renal 
fibrosis [104]. In addition, it has been shown that ultrasmall 
platinum [107] and  gold  [106] NPs possess multienzyme 
mimetic activity, including catalases, superoxide dismutases, 
and peroxidases, thereby demonstrating an excellent ability to 
eliminate reactive oxygen and nitrogen species. Furthermore, 
these nanozymes exhibited synergistic anti-inflammatory and 
antioxidative effects, as evidenced by reduced interleukin 6 
(IL-6) and TNF-α levels. Therapies for carrier-based materials 
are summarized in Table 1. 

Overall, excessive ROS production is a pivotal factor in the 
onset and progression of AKI to CKD. As described above, 
various nanomaterials and drugs have demonstrated signif-
icant efficacy in current AKI treatments by mitigating ROS 
levels and preventing renal fibrosis, thereby establishing a
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foundational framework for the application of nanomaterials 
in the context of AKI. 

NPs targeting ferroptosis 
Ferroptosis, a new mode of regulated cell death, is associated 
with pathophysiological processes in many diseases. Precise 
intervention in the development of AKI by regulating ferrop-
tosis has thus become a topic of interest. However, existing 
small-molecule ferroptosis inducers and kidney-targeted drug 
delivery strategies still have some limitations, such as poor 
solubility, unpredictable distribution, and short duration, so 
there is room for further innovation. 

Nanomedicine provides new opportunities for ferroptosis-
driven therapies (Table 2). Wang et al. designed nanozymes 
known as CaPB (KCa(H2O)2[FeIII(CN)6]·H2O) NPs that 
function as multienzyme mimetics and target ferroptosis 
to treat AKI [112]. After CaPB nanozyme treatment, the 
expression levels of GPX4, the key enzyme involved in 
peroxidation, significantly increased, whereas the expression 
of ACSL4 and PTGS-2 (ferroptosis facilitators) decreased 
in ferroptosis-induced cells. Furthermore, TEC morphology, 
anti-inflammatory marker expression, and impaired renal 
function were significantly restored in vivo. The pathological 
progression of IRI-induced renal fibrosis was effectively 
ameliorated, demonstrating the ability of this treatment to 
prevent the progression of AKI to CKD. Xie et al. synthesized 
gallic acid-gallium polyvinyl pyrrolidone NPs (GGP NPs) 
for AKI treatment. GGP NPs have strong iron-scavenging 
abilities because gallium can mimic iron ions and disrupt 
cellular iron metabolism [113]. These properties allow GGP 
NPs to ameliorate renal tubular injury in CP-AKI and IRI-
AKI mouse models by reducing intracellular free iron levels 
and ferroptosis. Additionally, mitochondrial morphological 
damage was reversed by the pre-administration of GGP NPs. 
Deng et al. developed Se/albumin NPs, which have been 
shown to suppress ferroptosis by upregulating intracellular 
glutathione levels and GPX4 activity when used in CP-induced 
AKI therapy [114]. 

In addition to employing a nano-based approach that 
enables exogenous iron ions to disrupt ferroptosis, rationally 
designed carriers can also manipulate lipid peroxidation levels 
to regulate ferroptosis. Recently, Zhang et al. constructed a 
renal tubule-targeted polysialic acid-modified dexrazoxane 
(DXZ-PSA) [115]. When combined with a DXZ iron chelator, 
this formulation effectively mitigated ferroptosis and acted as 
a natural carrier capable of inhibiting complement-system 
reactions [130]. This innovative approach paves the way for a 
novel strategy for designing medications aimed at suppressing 
ferroptosis, thereby offering a promising opportunity to 
identify diverse targets for AKI treatment. 

Engineered EVs for targeted therapy 
In addition to their complex and powerful endocrine and 
paracrine functions, EVs, as natural vesicles released by cells, 
communicate with acceptor cells through proteins, lipids, 
and nucleic acids transport [131]. However, heterogeneity 
in the sizes and sources of native EVs, along with the high 
complexity of cargo biomolecules and inefficient targeting, 
remain critical barriers to their diagnostic and therapeutic 
applications. Hence, the reconstruction of EVs is imperative 
as it could aid in highly targeted delivery of therapeutic cargo 
to injured tissues (Table 2). 

Membrane modification. Membrane modification is a com-
mon method to engineer EVs. Owing to the fluidity of the 
EV membrane, the components can be easily embedded in the 
EV surface bilayer. Zhang et al. successfully anchored a P-
selectin-binding peptide (PBP) to the surface of EVs through 
hydrophobic reactions and demonstrated the ability of P-
selectin to bind injured endothelial cells in AKI. The results 
confirmed that PBP-EVs accelerated renal recovery 3 and 
7 days after severe IRI, as shown by a reduction in histological 
structure injury, inhibition of myofibroblast activation, and 
decreased expression of α-SMA+ (alpha-smooth muscle actin) 
myofibroblasts on Day 28. This suggests that the nephropro-
tective effects of PBP-EVs in the extension phase of AKI and 
alleviation of fibrosis prevent further progression of AKI to 
CKD [117]. 

Another commonly employed approach to enhance the 
biofunction of EVs involves the co-incubation of donor 
cells with certain substances; therefore, beneficial molecules 
can be loaded into or onto the EV surface. For example, 
melatonin-stimulated MSCs increase the expression of anti-
inflammatory and anti-fibrotic-related miRNAs in MSC-EVs. 
This process enhanced the ability of MSC-EVs to modulate 
CKD-related gene expression and hinder CKD progression 
[118]. 

Encapsulation. EVs can serve as carriers for a wide array of 
drugs and small molecules. The efficiency of targeting and 
drug transport can be further improved by modifying EV 
content. For example, it has been demonstrated that IL-10-
encapsulated EVs are enriched in adhesion molecules such as 
integrin α1β1, L2, and M2, which target TECs after ischemic 
AKI. Moreover, the therapeutic efficacy of these agents is 
demonstrated by the inhibition of rapamycin signaling, which 
consequently preserves mitochondrial homeostasis. This inter-
vention significantly improved tubular atrophy, inflammatory 
cell infiltration, and fibrosis, and prevented progression to 
CKD [119]. In another study, Tang et al. developed a red 
blood cell-derived EV (REV)-based delivery platform using 
a Kim-1-targeted peptide (LTH) for the targeted delivery 
of therapeutic small interfering RNA (siRNA) siP65/siSnai1 
into injured tubular cells. Treatment with REV-LTH-siRNA 
enhanced anti-tubulointerstitial inflammation and fibrosis in 
three mouse models, especially in the CKD model developed 
from ischemic AKI [120] (Figure 5). Collectively, these studies 
highlight the potential of engineered EVs as a promising ther-
apeutic avenue for cargo delivery in AKI and CKD treatments. 

Hybridization. EVs can not only undergo characteristic 
modifications through chemical or genetic approaches but 
also acquire additional functionalities by combining with 
nanomaterials. Enhancing the therapeutic effects of EVs by 
loading implanted scaffolds, such as hydrogels and collagen 
matrices, provides a new way to prolong the bioavailability of 
native EVs. Zhang et al. labeled human placenta-MSC-derived 
EVs with an RGD (Arg-Gly-Asp) hydrogel, which increased 
EV integrin-mediated loading and improved the stability and 
retention of EVs in the treatment of AKI [121]. Intrarenal 
injection of EV-RGD hydrogels ameliorated histopathological 
impairments and improved regeneration in the early stage of 
AKI. Masson staining showed that the occurrence of renal 
fibrosis was significantly attenuated on Day 28 during the 
chronic stage of AKI, demonstrating the improved efficacy
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Table 2. Characteristics of nanomedicine for AKI and CKD treatment 

Biological effect Type of nanomaterial Size (nm) Administration Animal model Ref. Year 

Inhibition of 
ferroptosis 

Nanozymes CaPB 6 nm Intravenous IRI-AKI [112] 2022 
Inorganic Gallium 20 Intraperitoneal CP-IRI; 

IRI-AKI 
[113] 2022 

Inorganic Se/albumin 96 ± 7.5 Intraperitoneal CP-IRI [114] 2022 
Polymeric DXZ-PSA - Intravenous CP-IRI; 

IRI-AKI 
[115] 2023 

DNA origami TDNs 18.79 - Only CP-IRI 
cell model 

[116] 2021 

Anti-inflammation EV membrane 
modification 

PBP-EVs 97.33 Intravenous IRI-AKI [117] 2023 
Melatonin-MSCs 
coincubation 

177.18 ± 2.84 Intravenous CKD [118] 2021 

EV 
encapsulation 

IL-10+ EVs 134 Intravenous IRI-AKI [119] 2020 
REVLTH-
siP65/siSnai1 

100 Intravenous IRI-AKI; UUO [120] 2021 

EV 
hybridization 

EV/RGD hydrogel - Intrarenal IRI-AKI [121] 2020 
KMP2-EVs hydrogel - Intrarenal IRI-AKI [122] 2019 
Col-EVs - Intrarenal IRI-AKI [74] 2020 

Targeting reduces 
renal apoptosis 

Nanocarbon fCNT/siTrp53 300 Intravenous CP-IRI [11] 2016 
Chitosan C-CS/sip53 110 Intravenous IRI-AKI [123] 2022 
Polymeric PCX/sip53 127 Intravenous CP-IRI; 

IRI-AKI 
[124] 2022 

EV MSC-EVs/sip53 134.4 ± 3.9 Intravenous IRI-AKI [125] 2021 
DNA origami siP53@L-sTd 6 Intravenous FA-AKI [126] 2020 

Attenuates renal 
fibrosis 

Liposomal CREKA-Lip 110 Tail intravenous UUO [127] 2020 
Inorganic Lf-CONP - Intraperitoneal UUO [128] 2022 
Chitosan CS/HA 45.67 ± 10.16 Tail intravenous UUO [129] 2020 

MSC mesenchymal stem cell, EV extracellular vesicle, FA folic acid, CP cisplatin, DXZ-PSA dexrazoxane and polysialic acid, TDNs tetrahedral DNA 
nanostructures, PBP P-selectin binding peptide, Col-EVs collagen matrix-incorporated EVs, CS chitosan, C-CS CS modified with α-cyclam-p-toluic acid, 
PCX polymeric CXCR4 antagonist, Lf-CONP lactoferrin-cerium oxide nanoparticle 

of the EV-RGD hydrogels in preventing the progression of 
AKI to CKD. Similarly, Zhou et al. developed an injectable 
MSC-EV-releasing peptide nanofiber hydrogel for kidney 
endothelial cell injury regeneration in an IRI-AKI mouse 
model [ 122]. 

NPs targeting p53 
Conventional gene therapy involving RNA interference 
typically relies on various viral vectors such as lentiviruses 
and adenoviruses. However, concerns regarding the biosafety 
of viral delivery of genetic material have impeded its 
translational application in clinical trials. Consequently, 
nanomaterials present a novel alternative for non-viral 
delivery and have shown promising outcomes in the targeted 
regulation of gene expression. In 2016, Alidori et al. described 
an ammonium-functionalized carbon nanotube (fCNT)-
mediated delivery platform to selectively transport several 
target genes, including p53, to renal proximal tubule cells 
in a CP-AKI mouse model. fCNT/sip53/siMep1b treatment 
significantly minimized renal injury and reduced immune 
infiltration as early as 11 days after CP injury, and both 
kidney and interstitial fibrosis levels were significantly lower 
than those in scrambled controls at 180 days [11]. Chitosan 
has long been used as a polymeric carrier for the delivery 
of siRNAs and drugs for many diseases [132]. For renal 
applications, modifications can be made by conjugating 
chitosan with α-cyclam-p-toluic acid (C-CS), which imparts 
the C-CS polymer with targeting properties to injured renal 
cells overexpressing the chemokine receptor CXCR4 in AKI 
[123]. Polymeric CXCR4 antagonist (PCX) siRNA-NPs also 
have a strong ability to deliver siRNA, effectively knocking 
down the expression of p53 and providing nephroprotective 

effects against tubular injury in AKI [124]. Several studies on 
RNA interference against p53 in the kidneys are presented in 
Table 2. 

NPs targeting fibrosis 
Recent advancements in nanomedicine have demonstrated the 
potential of NPs in targeting fibrosis, particularly in AKI-
to-CKD transition. Li et al. designed PEGylated liposomes 
(CREKA-Lip), and by loading them with celastrol (CEL) 
successfully attenuated renal fibrosis and inflammation in 
UUO mouse models. The expression of α-SMA, collagen, 
and fibronectin were decreased when treated with CREKA-
Lip/CEL [127]. Aslam Saifi et al. used lactoferrin-decorated 
cerium oxide NPs to enhance targeting efficiency to the kid-
neys and prevent fibrotic progression [128]. Midgley et al. uti-
lized NP-enclosed antifibrotic biologics, bone morphogenetic 
protein 7 (BMP7), and hepatocyte growth factor (HGF)-NK1 
to target delivery to CKD mouse models. The NPs system 
reversed the progression of renal fibrosis and eliminated colla-
gen fiber deposition [129], as shown in Table 2. These studies 
collectively underscore the potential of NPs in providing tar-
geted, efficient, and safe therapeutic strategies for combating 
fibrosis in CKD. 

Perspectives 
AKI is a common complication in critically ill patients and is 
often associated with long-term transitions including chronic 
dialysis dependence. Currently, standard strategies predom-
inantly only prevent further deterioration of renal function 
[133]. 

Unlike traditional approaches, nanomedicine allows pre-
cise targeting at the molecular level, delivering therapeutics
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Figure 5. REVLTH-siP65/siSnai1 combination therapy alleviates AKI. (a) Scheme of the preparation of REV-based kidney-targeted RNA interference (RNAi) 
therapy against AKI. (b) Representative transmission electron microscopy images showing the size distribution of REVLTH-siP65 and REVLTH-siSnai1. (c) 
Representative images of periodic acid–Schiff (PAS) staining in IRI kidneys. (d) Representative images of PAS staining and quantification of kidney injury 
[120]. siRNA small interfering RNA, VVWL the displayed peptide of LTH.© 2021 American Society of Nephrology. AKI acute kidney injury 

directly to affected renal cells with enhanced efficacy and 
minimal systemic side effects. NPs can encapsulate drugs, 
protect them from degradation, and ensure controlled release, 
thereby optimizing drug bioavailability and therapeutic out-
comes. Most importantly, nanocarriers can overcome bio-
logical barriers such as the GFB, facilitating efficient drug 
delivery to the kidneys [ 80]. Moreover, nanomedicines offer 
controlled release mechanisms, ensuring sustained therapeutic 
levels of drugs over extended periods. Various nanomaterials 
offer different therapeutic targets and can be designed based 
on specific conditions (Table 3). For example, EVs exhibit 
excellent biocompatibility and serve as efficient carriers for 
drug delivery. Furthermore, they can be combined with other 
nanomaterials and show good biosafety in terms of their long-
term effects. This is crucial in the context of AKI progression 
to CKD, in which prolonged intervention is necessary to halt 
disease progression and promote renal regeneration. Com-
pared with physicochemical therapies such as dialysis or renal 
replacement therapy, nanomedicine, such as magnetic NP-
assisted hemodialysis, provides high removal efficiency and 

reduces the side effects of conventional hemodialysis [134]. 
By targeting specific molecular pathways implicated in renal 
injury and fibrosis, nanomedicine has the potential to halt 
or even reverse the pathological processes that drive CKD 
development. 

Despite the tremendous potential of nanomedicine, several 
challenges and limitations must be addressed. The first and 
foremost issues are long-term biocompatibility and safety. 
Because these materials interact with biological systems over 
extended periods, their potential for long-term toxicity or 
immune responses must be rigorously evaluated. Factors such 
as nanoparticle size, surface charge, and biocompatibility can 
influence pharmacokinetics and potential toxicity [135]. This 
is especially critical when considering the chronic nature of 
CKD, the nanoscale characteristics of NPs, and the mode of 
administration, because toxicity may lead to varying degrees 
of severity [136]. Moreover, the lack of preparation processes 
with standardized protocols, size control, and low-cost has led 
to variations in NP characteristics, rendering them unsuitable 
for scaled-up production. For example, the highly demanding
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Table 3. Summary of nanomaterials in terms of therapeutic efficacy and biological safety evaluation in AKI and CKD treatment 

Nanomaterial Duration Therapeutic efficacy Biological safety assessment Ref. 

Polymeric 7 days Scr and BUN Fluorescence images of the major 
organsa 

[82] 

24 h Immunoblotting for PGC1a, ND1 
expression 

Adverse cardiac effects [83] 

Inorganic 7 days Scr and BUN; Body weight; MDA; 
H&E staining 

Body weight, eating, drinking, and 
activity; H&E staining images of 
major organs from mice 15 days 

[88] 

7 days and 1 month Scr and BUN; H&E staining; PET 
imaging 

The renal sections of tubules, 
collecting ducts, glomeruli, and 
urethrae were collected and 
stained with H&E  

[91] 

DNA origami 24 h Urinary protein levels; Scr and 
BUN; H&E staining 

H&E staining of major organs 
after 4 days; Routine blood tests 
on Days 1 and 4 showed no 
apparent damage 

[97] 

Hydrogel 5 days Renal histology and BrdU-positive 
cells

- [98] 

5 days IF; IHC; H&E staining - [99] 
Liposomal 96 h and 4 days IHC; H&E staining Representative images of the NIR 

signal in the in vivo organs 
[100] 

7 days Scr and BUN; H&E and Masson 
staining; Tubulointerstitial fibrosis 
index 

H&E staining of major organs. 
Blood routine analysis on day 5 
post-injection; liver function 
examination 

[101] 

Nanomicelles 8 days H&E and PAS; Scr and BUN Fluorescence images of the major 
organs 

[105] 

Nanozymes 14 days H&E and IF; Scr and BUN; 
Survival time 

Fluorescence images of the major 
organs 

[106] 

14 days H&E and IF; Scr and BUN H&E staining of major organs; 
body weight; AST and ALT; Scr 
and BUN 

[107] 

EV 28 days H&E and PAS staining; Masson 
trichrome staining

- [121] 

14 days Scr and BUN; H&E and Masson 
staining; IHC

- [122] 

Scr serum creatinine, BUN blood urea nitrogen, H&E hematoxylin and eosin, PAS periodic acid-Schiff, IHC Immunohistochemistry, IF immunofluorescence, 
AST aspartate transaminase, ALT alanine transaminase aMajor organs include heart, liver, spleen, lungs, and kidneys 

purification steps for DNA nanostructures result in expensive 
production [ 137]. In addition, the etiology of AKI is com-
plex, and the transition to CKD encompasses a spectrum of 
pathologies, making it challenging to develop a one-size-fits-
all-nanomaterial-based approach. Interventions targeting spe-
cific AKI subtypes also require further investigation. Finally, 
all current AKI studies are based on rodent models, and the 
fine structure of mouse and human kidneys includes different 
innate and adaptive immune systems [138]. Large animal 
models, such as rabbits and dogs, provide opportunities to 
more closely model human AKI pathophysiology and can be 
deployed at different stages of preclinical therapeutic devel-
opment. Clinical translation of nanomaterial-based therapies 
faces challenges related to regulatory approval and scala-
bility. Transitioning from laboratory experiments to large-
scale production for widespread clinical use requires careful 
consideration of the manufacturing processes, quality control, 
and standardization. 

Conclusions 
Nanomedicine has emerged as a promising tool for combating 
AKI and its progression to CKD because of its unique prop-
erties and versatility. Nanomaterials have shown significant 
potential for mitigating various pathways leading to CKD, 

such as excessive ROS production, ferroptosis, EV-mediated 
communication, and p53-mediated cellular responses. These 
nanomedicine-based approaches enable researchers to inter-
vene in the early progression of AKI using efficient and 
convenient methods. The use of nanomedicine for preventing 
the transition from AKI to CKD represents a cutting-edge 
paradigm in the field of nephrology. These nanomaterials 
offer precise targeting and provide new hope for patients 
facing critical health challenges. Nevertheless, the road ahead 
is challenging. Further research is needed to enhance the 
specificity and targeted delivery of nanomaterials to renal 
tissues, which can potentially minimize off-target effects and 
maximize the therapeutic benefits. As we continue to uncover 
the capabilities of nanomaterials and address the associated 
limitations, the promise of more effective and personalized 
treatments for AKI-to-CKD transition increases, offering hope 
to countless patients worldwide. 
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