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Abstract: Kidney disease represents a serious global health challenge. Current therapeutic strategies often lack the precision to
deliver drugs specifically to the kidneys, potentially leading to systemic side effects. Nanomaterials offer a promising alternative, as
their size and surface properties can be engineered to facilitate renal accumulation and retention. This systematic review summarizes
recent advances in four primary nanomaterial platforms for nephrology therapy, namely lipid nanoparticles, polymeric nanoparticles,
inorganic nanoparticles, and exosome delivery system. It focuses on how these rationally designed nanomaterials overcome inherent
physiological barriers of the kidney (eg, the glomerular filtration barrier) and how their surface modification with targeting ligands
enables response to pathological microenvironments to achieve controlled drug release. Furthermore, the theranostic potential of
nanomaterials in kidney disease diagnosis, such as in advanced imaging and disease monitoring, is also discussed. Finally, this review
identifies key challenges to the clinical translation of renal nanomedicines, including biosafety, limitations of murine models,
insufficient long-term safety, suboptimal targeting accuracy, and scalable manufacturing hurdles, and suggests potential strategies to
facilitate their bench-to-bedside translation and improve kidney disease management. In conclusion, this review provides
a comprehensive overview of nanomaterial applications in nephrology, clarifying their potential and challenges to lay a foundation
for promoting clinical translation and improving kidney disease care.
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Introduction

Kidney disease is a major noncommunicable disease (NCD) that affects more people globally than heart disease or
cancer.' Based on the onset and duration of renal dysfunction, kidney disease is broadly categorized into acute kidney
injury (AKI) and chronic kidney disease (CKD).> AKI is marked by acute tubular necrosis and glomerulonephritis,
accompanied by robust inflammation involving macrophage infiltration and polarization.® Currently, AKI treatment
remains supportive with limited options, contributing to high short-term mortality; for those with pre-existing CKD, AKI
accelerates progression to end-stage kidney disease by 1.86-fold.* In contrast, CKD is characterized by progressive
damage to the glomerular filtration barrier (GFB), including endothelial and podocyte injury, along with tubular atrophy
and interstitial fibrosis.” Both AKI and CKD are driven by persistent inflammation and oxidative stress, which promote
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disease progression and contribute to unfavorable clinical outcomes.® Despite recent progress in pharmacotherapy,
conventional treatments such as ACE inhibitors and SGLT?2 inhibitors fail to achieve site-specific delivery, adequately
halt disease progression, or reverse established renal injury.’

Compared with traditional supportive therapy, nanomaterials offer unique advantages in treating AKI and CKD by
precisely regulating immune responses and oxidative stress, thereby improving renal function more efficiently and
reducing side effects. However, this therapeutic precision relies on overcoming several inherent physiological barriers to
renal drug delivery. First, the GFB acts as a size-selective filter that only permits the passage of very small molecules
(typically < 6-8 nm), excluding most drug carriers. Second, the kidney’s efficient clearance mechanism rapidly removes
any small particles that do manage to filtrate, resulting in insufficient residence time for therapeutic action.”® Third, the
kidney’s complex architecture comprises numerous specialized cell types (eg, damaged tubular cells or inflamed
glomerular cells). Therefore, effective treatment requires carriers capable of specific recognition and targeted entry
into these particular cells.””'" Nanomaterials are uniquely positioned to address these challenges. They possess tunable
size, surface charge, and chemical properties that can be engineered to overcome renal delivery barriers. By controlling
particle dimensions, they can be designed for glomerular passage or prolonged circulation. Surface modifications with
targeting ligands (eg, peptides, antibodies) enable selective binding to receptors expressed on specific renal cell types,
such as injured tubular epithelial cells or activated glomerular endothelium. Furthermore, nanocarriers can be fabricated
to respond to pathological microenvironments (eg, pH, enzyme activity) for triggered drug release at the disease site.'?
These capabilities collectively enhance therapeutic precision and reduce off-target effects.

This review provides a comprehensive and updated overview of nanomaterial-based strategies for kidney-targeted
therapy, with a comparative focus on four major classes of nanotherapeutics: lipid-based, polymeric, inorganic, and
exosome-derived systems. Lipid-based nanoparticles allow modular design and surface modification for targeting
oxidative stress, inflammation, and fibrosis. Polymeric nanoparticles enable site-specific delivery and controlled release
through ligand conjugation or microenvironment-responsive features.”'*'* Inorganic nanoparticles, such as gold, silver,
selenium, and silica, possess intrinsic antioxidant, anti-inflammatory, or enzyme-like activities. Exosome-based systems
leverage natural biological tropism and low immunogenicity to deliver drugs and genetic material with high specificity.'®

Despite these promising design advantages, advancing nanomaterials from the laboratory to the clinic faces sig-
nificant translational hurdles. Key challenges include ensuring long-term biosafety, achieving scalable and reproducible
manufacturing, and attaining the precise in vivo targeting required for effective and safe treatment; accordingly, this
review will discuss these limitations of nanomaterials in detail.

Unlike previous reviews that simply categorize nanomaterials by their composition, this review emphasizes that the
design of these nanomaterials is closely oriented to the pathophysiological mechanisms of kidney diseases. This review
examines how rationally designed nanomaterials overcome renal delivery barriers to enable precision therapy for AKI
and CKD by targeting oxidative stress, inflammation, and fibrosis via controlled release. We also examine the diagnostic
potential of nanomaterials, their protective roles in kidney injury, and ongoing challenges in biosafety and targeting
accuracy. Furthermore, we discuss the challenges faced by nanomaterials and propose future strategies to accelerate the
clinical translation of these nanomaterial-based interventions for kidney disease.

In summary, this review systematically summarizes the recent advances of nanomaterials in nephrology therapy,
clarifies their unique advantages and existing challenges, and provides a practical roadmap for clinical translation. It is
expected to lay a foundation for promoting the development and clinical application of nanomedicine in kidney diseases,
and ultimately improve the diagnosis and treatment level of kidney diseases.

Nanomaterial-Based Strategies for Kidney Disease Treatment: Classification,
Mechanisms, and Applications

Effective renal targeting requires nanocarriers to overcome the physiological barriers outlined in the Introduction. The
design of these nanomaterials must account for the glomerular filtration barrier’s size and charge selectivity, rapid renal

clearance, and the need for specific cellular uptake. The following sections detail how lipid-based, polymeric, inorganic,
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and exosome-derived nanoparticles are engineered to address these challenges, through precise control of particle size,
surface charge, ligand modification, and stimuli-responsive behavior.

Lipid Nanoparticles (LNPs)

Lipid nanoparticles (LNPs) are highly adaptable nanoplatforms whose lipid composition and surface characteristics can be
precisely engineered. These tunable features support applications in drug delivery, imaging, and combination therapy. Their
in vivo behavior and therapeutic performance in kidney disease depend largely on three modifiable attributes: lipid composition,
surface properties, and interactions at the biological interface. Several advantages make LNPs particularly suitable for renal
applications. First, rational lipid design allows control over particle size, zeta potential, and drug-release kinetics, which directly
influences their ability to cross the GFB. For instance, Dong et al demonstrated that kidney-targeted liponanoparticles with
optimized sizes (30—80 nm) and lipid surface modifications (DSPE-PEG-KTP) efficiently traverse the GBM and accumulate in
renal cells, offering a promising strategy for renal disease therapy.'® Second, surface ligand modification enhances cellular and
subcellular specificity, helping to overcome off-target distribution associated with renal cellular heterogeneity.'” Third, the lipid
shell improves biocompatibility and reduces immune clearance, thus extending systemic circulation.'® As illustrated in Figure 1,
LNPs enable kidney targeting and controlled release for the efficient delivery of both small-molecule drugs and nucleic acid
therapeutics. Through drug therapy and gene intervention (including mRNA-mediated protein expression and siRNA/miRNA-
mediated gene silencing), LNPs reduce renal inflammation and fibrosis, ultimately improving kidney function.

LNPs have shown significant advantages in the treatment of kidney diseases, with their core reflected in effectively reducing
drug toxicity and realizing precise renal-targeted delivery, thus providing a new approach for the treatment of AKI and CKD. For
instance, the novel stearic acid-gambogic acid (SA-GA)-modified solid lipid nanoparticles (SLNs) utilize gambogic acid (GA,
a xanthonoid) with high affinity for the transferrin receptor (TfR) without competing with endogenous transferrin; after loading
urolithin-A (UA) (particle size <250 nm, the highest encapsulation efficiency), they attain an uptake rate of approximately 50% in
HK2 renal cells in vitro, and reduce inflammatory markers such as TLR4, NF-kB, and IL-1 to alleviate cisplatin-induced renal
damage, highlighting their innovation as a TfR-targeted oral delivery system for AKL'® In addition, to address the poor stability
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Figure | LNP-based nanoplatforms for renal-targeted therapy. LNPs deliver small-molecule drugs or nucleic acids (eg, mRNA, siRNA, miRNA) to treat kidney disorders. In
preclinical models, targeted LNPs recognize kidney cell markers (eg, KIM-1 on injured renal tubular epithelial cells) for specific uptake via endocytosis. After endocytosis,
nucleic acids escape endosomes for gene regulation, while drugs are released to exert effects. By reducing inflammation, fibrosis, and ROS, lowering off-target toxicity, and
enhancing renal targeting, LNPs improve kidney function (evidenced by decreased BUN and SCr levels). The upward arrow (1) indicates improvement, while the downward
arrows (|) indicate a decrease or inhibition.
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and solubility of astaxanthin (AST), AST-loaded SLNs have been designed as a novel formulation, which possess favorable
physicochemical properties (eg, particle size <400 nm, high entrapment efficiency). They can effectively accomplish renal-
targeted delivery via intraperitoneal administration (5 and 10 mg/kg), exert antioxidant effects in rats, improve renal function,
reduce renal tissue damage, and thereby alleviate ischemia-reperfusion (I/R)-induced AKI.*® Importantly, to secure more precise
kidney targeting and enhance therapeutic efficacy, LNPs can mediate drug endocytosis by binding to renal receptors. Biomimetic
high-density lipoprotein (bHDL) lipid nanoparticles enable targeted release of triptolide (TP) and nintedanib (BIBF) in injured
renal tubular epithelial cells via kidney injury molecule-1 (KIM-1)-mediated internalization, thereby synergistically alleviating
renal fibrosis and improving CKD therapy with enhanced efficacy and reduced toxicity.*'

LNPs with controlled drug release capabilities restore cellular homeostasis through diverse mechanisms. Kidney-
targeted rhein (RH)-loaded liponanoparticles (KLPPR), a yolk-shell liponanoparticle (~60 nm) with a polycaprolactone-
polyethyleneimine (PCL-PEI) core and kidney targeting peptide (KTP)-modified lipid shell, achieves kidney-specific
controlled release of rhein by crossing the glomerular filtration membrane via size optimization and promoting non-
lysosomal uptake in tubular cells, thereby suppressing fibronectin and TGF-f1 accumulation to alleviate diabetic kidney
disease (DKD).'® Beyond enabling precise renal targeting, LNPs also effectively reduce the toxicity of drugs. Peptide-
coupled celastrol (CLT, an active ingredient of Tripterygium wilfordii)-phospholipid lipid nanoparticles (PC-PLNs),
designed based on the unique structure and pathological characteristics of the glomerulus, can specifically deliver toxic
CLT to damaged glomerular endothelial cells and podocytes, effectively alleviating CKD through anti-inflammatory and
endothelial protective effects while significantly reducing CLT toxicity.*?

Regarding gene and nucleic acid delivery, LNPs enable precise genetic interventions to modulate disease progression.
siRNA Selective ORgan Targeting lipid nanoparticles (siRNA SORT LNPs), a lipid nanoparticle formulation, can
mediate durable extrahepatic gene silencing through systemic intravenous administration. This formulation overcomes
the challenge of siRNA delivery to non-liver tissues, allowing siRNA to be effectively delivered to the kidneys (with
a 15% reduction in TdTomato fluorescence in mouse kidneys), lungs, and spleen. It displays dose-dependent silencing of
tissue-enriched endogenous targets, which may broaden the preclinical landscape of RNA interference (RNAi1)-based
therapeutic targets beyond the liver.”* Moreover, LNPs can efficiently achieve renal-targeted delivery of chemically
modified SOD2 mRNA, and effectively ameliorate renal ischemia-reperfusion injury (IRI) by scavenging mitochondrial
reactive oxygen species (ROS), restoring mitochondrial function and tissue integrity.>* Beyond targeting renal parench-
ymal cells, LNPs can also be engineered to target specific cell populations involved in renal disease pathogenesis, such as
macrophages in CKD. Innovatively designed as macrophage-targeted lipid nanoparticles, these delivery systems enable
precise renal disease-related delivery of Organic anion transporting polypeptide 2B1 (OATP2B1)/Solute carrier organic
anion transporter family member 2B1 (Slco2bl) or Delta-like 4 (DIl4) siRNA, specifically inhibiting indoxyl sulfate-
induced proinflammatory macrophage activation and atherosclerotic lesion development in CKD models.*’

Taken together, LNPs with diversified targeting strategies (organ-, glomerulus-, and macrophage-specific) enable site-specific
renal delivery of therapeutic agents and nucleic acids, highlighting their potential utility in the management of AKI and CKD.

Polymeric Nanoparticles (PNPs)
PNPs are nanoscale carriers constructed from synthetic or natural polymers that offer excellent biocompatibility, predictable
biodegradation, and adjustable particle size. Their surfaces can be readily functionalized, and they accommodate high drug-
loading capacities. Together, these attributes contribute to improved pharmacokinetics and sustained colloidal stability.*®
The development of PNPs has progressed from simple cell-targeted carriers to sophisticated systems capable of
responding to pathological cues within the kidney. Early formulations were designed to deliver therapeutics selectively to
specific renal cell populations. For example, light chain-conjugated nanoparticles (LC-NPs) preferentially accumulate in
renal tubular epithelial cells and renal carcinoma cells, thereby increasing drug deposition in the kidney while minimizing
off-target exposure.”’ Liu et al further advanced this concept by engineering nanoparticles that target CD44 through
ChS—Chol conjugates. These self-assembled core—shell structures release their therapeutic payload via hydrolysis of pH-
sensitive carbonate ester bonds under the acidic conditions characteristic of injured renal tissue, restoring mitochondrial
function and suppressing apoptosis.”®
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Beyond small-molecule delivery, PNPs hold considerable promise for cell-specific targeting and gene therapy.
A notable example involves a layered nanoparticle architecture composed of PLGA/CS/HA-KTP siRNA. Modification
of the outer layer with a kidney-targeting peptide (KTP) enhanced tubular localization and enabled efficient delivery of
Arg2 siRNA, resulting in robust gene silencing and therapeutic benefit in a contrast-induced AKI model.”® Another
approach uses multifunctional polymeric nanocomplexes engineered with pH-responsive behavior to promote selective
accumulation within diseased renal microenvironments. To achieve targeted NAD" delivery, one study developed pH-
responsive nanoparticles formed by complexing gallic acid with NAD". Their ultrasmall size (< 6 nm) allows them to
traverse the GFB and reach injured tubules efficiently. This targeted NAD" supplementation restores NAD-dependent
mitochondrial activity and ATP generation, offering a strategy to halt the progression of acute kidney injury.*’

In summary, PNPs enable precise therapeutic intervention by delivering drugs to defined renal cell types, responding to
disease-associated microenvironments, and preferentially accumulating in pathological regions. Continued progress will
depend on the rational design of PNP platforms that enhance potency while improving safety, ultimately transforming the

clinical management of kidney disease.

Inorganic NPs

Inorganic nanoparticles exhibit distinctive physicochemical properties—including high specific surface area, quantum
size effects, and, in the case of metal systems, surface plasmon resonance—that support diverse applications in photo-
electromagnetics and biomedicine. These materials can be broadly categorized into two groups: (1) metal nanoparticles,
such as gold, selenium, and silver, which display electrical conductivity, optical responsiveness, and favorable biocom-
patibility, and (2) metal oxide nanoparticles, including silica and iron oxide, which are widely used in catalytic adsorption
and biomedical systems. As illustrated in Figure 2, inorganic nanoparticles exert therapeutic effects in kidney injury
through diverse mechanisms, including the regulation of fibrosis and oxidative stress, protection of mitochondria,
inhibition of ferroptosis, remodeling of the extracellular matrix, and suppression of inflammatory responses. However,
many early formulations accumulated in tissues because of their limited biodegradability, raising concerns regarding
long-term safety. To address these issues, contemporary generations of inorganic NPs have been engineered with

enhanced degradability, improved biocompatibility, and reduced potential for chronic bioaccumulation.' >
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Figure 2 Renal protective actions of inorganic nanoparticles in kidney disease. Schematic of key inorganic nanoparticles (AuNPs, AgNPs, SeNPs, IONPs) and their distinct
therapeutic roles in renal protection: AuNPs regulate fibrosis/oxidative stress and enable delivery; SeNPs protect mitochondria, inhibit ferroptosis, and activate GPX4;
AgNPs remodel ECM, suppress inflammation, and prevent infection; IONPs support erythropoiesis, detoxify ROS, and enable theranostics. These activities underpin the
potential of inorganic NPs for treating AKI and CKD. The upward arrows (1) indicate promotion or activation, while the downward arrows () indicate inhibition.
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Metal NPs

Gold nanoparticles (AuNPs) hold considerable promise for treating kidney disease because they combine direct
antioxidant actions with programmable targeting.*> Studies have shown that glutathione modified AuNPs can be used
as a kidney targeted drug delivery platform to precisely deliver anti fibrotic drugs to the site of kidney injury for
responsive release and effective treatment of renal fibrosis.*® When decorated as targeted carriers, glycine—sarcosine—
modified AuNPs present multivalent ligands that bind PEPT1/2 receptors and markedly improve renal targeting
efficiency.’” These targeted systems reduce inflammation and promote tissue repair, in part through intrinsic immuno-
modulatory activity. Moreover, artichoke phenolic extracts have shown protective effects against AKI by inhibiting
oxidative stress and regulating the COX-2/PGE2 pathway.*® This suggests that if developed into new formulations such
as gold nanocapsules, they could potentially be applied in the treatment of renal fibrosis, although the specific
mechanisms require further validation. However, clinical translation requires rigorous toxicological assessment, since
AuNP safety depends strongly on particle size, shape and surface chemistry.>”

Selenium nanoparticles (SeNPs) also show renal tropism and therapeutic activity. Prior work demonstrated prefer-
ential SeNP accumulation in renal tubules with subsequent uptake by tubular cells.*® SeNPs exert potent antioxidant and
anti-inflammatory effects by activating the GPX-1 antioxidant pathway and suppressing NLRP3 inflammasome—Caspase-
1 signaling.***' Consistent with these mechanisms, in vivo studies found that SeNP treatment ameliorates ischemia—
reperfusion injury (IRI) and reduces the progression to renal fibrosis.****

Silver nanoparticles (AgNPs) exert reno-protective effects through multiple complementary pathways. AgNP treat-
ment improves key renal functional biomarkers, including BUN and SCr, and enhances the activity of endogenous
antioxidant enzymes such as SOD and GSH.***** In addition to their well-established antibacterial activity, specifically
prepared AgNPs reduce inflammatory responses by lowering TNF-o and IL-6 levels, thereby further enhancing their
therapeutic value.*> Despite these benefits, AgNPs can induce dose-dependent hepatorenal toxicity, which remains
a major obstacle to clinical application. AgNPs can promote extracellular matrix deposition by activating the TGF 1/
Smad signaling pathway and increasing the expression of collagen I, collagen III, and fibronectin.*® Co-administration of
thymoquinone (TQ) substantially mitigates this toxicity. TQ provides synergistic antioxidant, anti-inflammatory, and anti-
apoptotic protection, thereby reducing AgNP-induced damage.*’ This strategy illustrates how pairing AgNPs with
protective agents can balance therapeutic efficacy and safety, an essential step toward designing safer nanomedicines.

Metal Oxide NPs
Iron oxide nanoparticles (IONPs) have attracted substantial attention in biomedical research due to their superparamag-
netic properties and favorable biocompatibility profiles.*® In kidney disease, IONPs provide both direct therapeutic
benefits and versatile functionality as imaging and drug-delivery platforms.*” But IONPs can cause harm by increasing
oxidative stress in cells. To solve this problem, a new type of nanoparticle called FeB was created. These FeB particles
have an enzyme-like activity that breaks down harmful H,O,, and they also have a coating of glutathione (GSH) on their
surface.’® This design removes the danger of oxidative stress and makes the particles safe for use in medicine. Clinically
used IONPs, including the FDA approved iron supplement ferumoxytol for the treatment of anemia in chronic kidney
disease, not only work as an iron supplement.”' Recent studies have also shown their potential for multiple uses in kidney
disease. Through surface changes, IONPs can be used as drug delivery carriers to target damaged areas in the kidney.
However, the clinical translation of IONPs remains constrained by dose-dependent hepatorenal toxicity, which is driven
largely by oxidative stress and ferroptosis.’>>* Several strategies have been proposed to mitigate these toxicities. Surface
polymer modification with PEG or antioxidant coatings can reduce oxidative stress and improve biocompatibility.>*
Additional polymer engineering approaches aim to regulate ion release and minimize iron-mediated damage.’’
Mesoporous silica nanoparticles (SiNPs) have emerged as promising carriers for renal therapeutics because they offer
exceptionally high drug-loading capacity and tunable release profiles, enabling them to overcome key biological delivery
barriers.’®>” Despite these advantages, their potential nephrotoxicity warrants thorough investigation. In rat models, oral
SiNP exposure elevates BUN and SCr levels, induces tubular necrosis, and leads to glomerular atrophy.’® Inhalation
studies similarly demonstrate persistent tubulointerstitial inflammation and fibrosis.>® Subchronic SiNP exposure also
triggers renal oxidative stress; notably, magnesium supplementation reverses this injury, suggesting that oxidative
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damage is a primary pathogenic mechanism and a viable point of intervention.® Beyond their toxicological concerns,
SiNPs have been innovatively adapted as fluorescent probes to monitor kidney injury biomarkers such as NAG and B-
GAL, allowing dynamic visualization of renal microenvironments.®' Going forward, elucidating the molecular pathways
involved including the roles of UPR activation will be important for optimizing biocompatibility.®* Developing targeted
antioxidant strategies may further mitigate toxicity. Ultimately, the value of SiNPs in kidney therapy will depend on
balancing their therapeutic utility with rigorous assurance of long-term safety.

Exosome Delivery System

Exosomes are nanoscale extracellular vesicles enclosed by a lipid bilayer, typically measuring 30—150 nm in diameter.
They are secreted by many cell types and mediate intercellular communication by transferring diverse bioactive cargos,
including proteins, lipids, and nucleic acids. Their lipid bilayer enables efficient passage across biological barriers, and
their inherent structure supports substantial loading of therapeutic molecules.®> Combined with their low immunogeni-
city, high stability, and natural biological origin, these properties position exosomes as promising delivery vehicles for
renal therapeutics.®* ®® Figure 3 schematically summarizes these mechanisms and applications.

Mesenchymal stem cell (MSC)—derived exosomes from multiple tissue sources have shown potent reno-protective
effects. These vesicles convey protective biomolecules directly to injured renal cells.®” For instance, human umbilical
cord mesenchymal stem cell-derived exosomes (hucMSC-exos) deliver miR-29a-3p, which mitigates renal fibrosis and
vascular rarefaction after renal ischemia-reperfusion injury by targeting collagen type I in fibroblasts and tumor necrosis
factor receptor 1 (TNFR1) in endothelial cells.”” Exosomes derived from other MSC populations exhibit similar benefits.
Adipose-derived MSC exosomes (ADMSC-Exos) activate the SIRT1 pathway to limit inflammation and apoptosis.”’
Bone marrow MSC exosomes (BMMSC-Exos) shuttle miR-199a-3p and miR-223 to reduce fibrosis and inflammatory
signaling.”> Exosomes from urine-derived and placenta-derived MSCs have likewise demonstrated therapeutic
potential.”® Currently, there are many clinical trials worldwide investigating exosome-based therapeutics. These trials
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Figure 3 Native, engineered, and drug-loaded exosomes in kidney disease therapy. Schematic of three exosome types (native, engineered, drug-loaded) and their distinct
functional characteristics (renal tropism, enhanced targeting, controlled release). Exosomes mediate renal repair by delivering therapeutic cargos (including miRNAs,
proteins, or small-molecule drugs), which exert key biological effects to suppress pathological stress responses (such as oxidative stress and inflammation), reduce fibrosis,
promote tissue repair, and improve renal function in the treatment of AKI and CKD. The upward arrows (1) indicate an increase or recovery, while the downward arrows
(1) indicate a decrease or inhibition.
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encompass a diverse range of formulations, including natural exosomes, drug-loaded variants, and genetically engineered
products, highlighting their significant potential as a form of “cell-free therapy” in clinical applications.®*”*

Nevertheless, the path toward clinical translation faces several critical challenges. The foremost issue lies in
heterogeneity control and standardization: variations in cellular sources, culture conditions, and isolation methods result
in significant batch-to-batch heterogeneity, directly impacting the reproducibility of therapeutic potency. In addition, the
establishment of standardized and robust potency assays remains a significant hurdle. The diversity in mechanisms of
action makes it difficult to define uniform potency indicators, and the lack of validated, quantitative methods for batch-to-
batch activity comparison further complicates quality control and regulatory consistency.’*”> Furthermore, the precise
mechanisms underlying targeted delivery remain incompletely elucidated, limiting accurate localization and efficient
enrichment within renal tissues. The cost-effectiveness and scalability of large-scale production require further optimiza-
tion to meet future clinical-grade demands. Finally, the regulatory classification of exosome-based products—whether as
biologics, drugs, or combination products—Ilacks global consensus, introducing uncertainty into development pathways.
Learning from regulatory frameworks such as those established by Japan’s PMDA and promoting GMP-standardized
production alongside clear regulatory guidelines will accelerate IND submissions and clinical adoption.”®®

Researchers are increasingly engineering MSC-derived exosomes to address current limitations and improve ther-
apeutic efficacy.”’ These efforts rely on two principal strategies: (1) directly loading isolated exosomes with therapeutic
cargo using techniques such as electroporation, incubation, or transfection, and (2) genetically modifying parent MSCs so
they naturally secrete exosomes enriched with specific bioactive molecules.® For example, transfection has been used to
produce MSC-derived exosomes enriched with miR-let-7c, which suppresses TGF-B1 signaling and reduces renal
fibrosis.®! For anti-inflammatory applications, IL-10 can be incorporated into exosomes either by direct loading or by
engineering MSCs for endogenous IL-10 production;** both approaches limit renal inflammation and promote M2
macrophage polarization. Electroporation or transfection has also been applied to generate exosomes that deliver miR-
13474, which inhibits ADAM17 and attenuates renal fibrosis in vivo.®

A widely used engineering approach involves loading exosomes with therapeutic agents relevant to kidney injury. These
agents include anti-inflammatory drugs (such as dexamethasone) and gene-regulating miRNAs. For example, encapsulating
dexamethasone in extracellular vesicles has been shown to reduce kidney damage in an IgA nephropathy model.®* In addition,
researchers are exploring the use of engineered exosomes for targeted delivery of specific microRNAs; one study showed that
exosomes modified to deliver miR-218-5p could alleviate podocyte injury in diabetic kidney disease by activating
mitophagy.®® In preclinical studies, these engineered exosomes improve renal function - evidenced by reduced BUN and
SCr levels - by simultaneously modulating inflammation, apoptosis, and oxidative stress pathways.

Looking ahead, the development of the exosome field will focus on technological innovation and interdisciplinary
integration. The incorporation of artificial intelligence, such as deep learning models to predict stem cell differentiation
and exosome functionality, along with the design of intelligent responsive materials, holds promise for precise modula-
tion of engineered exosome properties. Moreover, organoid-exosome combination therapies are emerging as a novel
research direction, providing new platforms to model complex renal microenvironments and validate therapeutic efficacy.
Concurrently, the application of exosomes in anti-aging and cosmetic medicine is accelerating their marketization,

injecting additional momentum into the development of the therapeutic exosome industry.*¢

Nanomaterials in Kidney Disease Diagnosis

Beyond therapeutic nanoplatforms, nanomaterials also function as diagnostic regulators that shape therapeutic strategy
selection and monitoring. Nanomaterials serve as a critical bridge between diagnosis and therapy in nephrology by
enabling precise imaging that directly informs therapeutic decision-making across the entire clinical continuum, from
early detection to treatment monitoring. In this context, advanced nanomaterial-based imaging platforms play a pivotal
role in enhancing diagnostic accuracy and guiding personalized interventions. Currently, nanomaterials are being actively
investigated as next-generation contrast agents for nephrologic imaging modalities, including magnetic resonance
imaging (MRI), near-infrared fluorescence (NIRF), and integrated multimodal systems. Among them, superparamagnetic
iron oxide nanoparticles (SPIONs), AuNPs, and carbon-based nanostructures represent the most extensively studied
classes.® Through ligand-guided surface engineering, these nanomaterials can be selectively targeted to specific renal
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compartments or pathological lesions, significantly improving signal-to-noise ratios and enhancing diagnostic sensitivity
compared with conventional contrast agents. Such targeted imaging capability not only facilitates earlier and more
accurate disease identification but also enables real-time evaluation of therapeutic response, thereby strengthening the
diagnostic-therapeutic integration in nephrology.”®

SPIONSs in Kidney Disease Diagnosis

SPIONs provide a safer alternative to gadolinium-based contrast agents for renal MRI, particularly in patients with
impaired kidney function where gadolinium exposure is associated with nephrogenic systemic fibrosis and tissue
retention concerns. Ultrasmall SPION formulations, including ES-SPIONs (~3 nm core) and SNIOs (~1 nm core) coated
with zwitterionic dopamine sulfonate, have demonstrated rapid renal clearance in preclinical studies while generating
positive T1-weighted contrast suitable for high-resolution anatomical imaging.”® This improved safety profile expands
access to contrast-enhanced MRI in vulnerable populations who would otherwise be excluded from such imaging. By
enabling contrast evaluation in these patients, SPION-enhanced MRI supports clinical decision-making related to disease
staging, assessment of disease activity, and timing of therapeutic intervention.

Beyond anatomical imaging, targeted SPION platforms enable functional and molecular assessments with potential
therapeutic relevance. SPION-based blood volume mapping has been shown to detect early microvascular alterations in
diabetic kidney disease models that precede elevations in serum creatinine.”’ These imaging-derived indicators may
facilitate earlier risk stratification and provide a rationale for timely intensification of renoprotective therapy at stages
when structural damage may still be reversible. Similarly, antibody-directed SPIONs enable MRI-based detection and
phenotyping of macrophage infiltration in acute kidney injury, offering insight into inflammatory endotypes that may
inform immunomodulatory strategy selection.”’ In this context, imaging findings extend beyond lesion detection to
characterization of underlying pathophysiology relevant to treatment planning.

The favorable clearance and safety characteristics of ZDS-coated SPIONs also support longitudinal imaging for
treatment response evaluation.”® Repeated administration enables monitoring of dynamic changes in microvascular
perfusion or inflammatory burden over time, allowing therapeutic regimens to be maintained, intensified, or modified
according to imaging-derived functional trends rather than delayed biochemical markers alone.”’ Through this integration
of safety, targeting capability, and functional readouts, SPION-enhanced MRI contributes to a decision-oriented imaging
framework in nephrology, linking diagnostic information to adaptive therapeutic management.

AuNP in Kidney Disease Diagnosis

AuNPs, particularly renal-clearable formulations, provide functional imaging beyond conventional biochemical markers.
Ning et al used glutathione-coated AuNPs as X-ray contrast agents to track nanoparticle transport in cisplatin-induced
kidney injury.”* In mice with similarly elevated BUN and creatinine levels, AuNP retention in the outer stripe of the outer
medulla (OSOM) showed marked heterogeneity and correlated with proximal tubular injury rather than serum biomar-
kers. These findings demonstrate that conventional renal function indices do not reliably reflect early tubular damage,
whereas AuNP transport imaging resolves spatial and functional alterations. Such imaging has direct therapeutic
relevance. In the setting of nephrotoxic chemotherapy, prolonged AuNP retention in the OSOM-despite modest
biochemical changes-may indicate clinically significant tubular injury, supporting earlier treatment adjustment or
implementation of renoprotective strategies before progression to more severe damage.

Complementing transport imaging, Tan etal developed renal-clearable luminescent AuNPs with pH-responsive
surfaces that undergo charge conversion and enhanced tubular reabsorption in the acidic microenvironment of early
renal injury.”® These nanoparticles produced enhanced ultrasound contrast in injured kidneys before substantial changes
in BUN or creatinine were detectable. By exploiting injury-associated microenvironmental alterations rather than relying
solely on filtration metrics, this approach enables earlier identification of kidney damage at a potentially reversible stage
and may inform the timing of protective interventions prior to irreversible structural injury.

Collectively, nanomaterial-based imaging platforms redefine renal diagnostics by embedding therapeutic relevance
directly into imaging readouts. Renal-clearable SPIONs and AuNPs move beyond static anatomical visualization to
provide quantitative information on microvascular function, tubular transport dynamics, inflammatory activity, and
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injury-associated microenvironmental changes. By enabling early detection, mechanistic phenotyping, risk stratification,
and longitudinal monitoring of treatment response, these nanoparticle probes support imaging-guided therapy adjustment
and early intervention. As surface engineering, multimodal integration, and quantitative imaging analytics continue to
advance, nanomaterial-enabled imaging is poised to function as a continuous decision-support system, underpinning
closed-loop diagnostic-therapeutic strategies and advancing precision nephrology.

Clinical Translation Challenges

Although drug delivery systems based on nanomaterials have shown enhanced targeting efficiency in preclinical models
of AKI and CKD, several technical limitations have hindered their clinical translation. The in vivo behavior of
nanoparticles is determined by key physicochemical characteristics including size, surface charge, and hydrophobicity
which collectively influence biodistribution, organ retention, degradation kinetics, and immune activation.”**> A primary
challenge to translation is that the renal clearance threshold (fluid dynamic diameter of approximately 5.5 nanometers) is
small enough for nanoparticles to pass through the kidneys and often exhibit rapid systemic clearance, thereby reducing
the therapeutic exposure; while larger particles accumulate in the liver and spleen, increasing off-target toxicity.”® For
example, inorganic nanoparticles such as gold- and silica-based structures can persist for months in the liver and spleen
following systemic administration.”” Furthermore, in a comprehensive rat model study, Hamed et al investigated the renal
safety of silver nanoparticles following repeated oral exposure, with results indicating potential renal concerns. They
attributed this discrepancy to significant tubular structural damage, glomerular degeneration, inflammatory cell infiltra-
tion, and increased cell apoptosis, although the blood biochemical indicators did not show significant changes. However,
the histopathological evidence clearly indicated the nephrotoxic effect.”®

Another important consideration is that the long-term risks of targeted renal nanoparticles remain poorly understood.
Of particular concern is chronic tubular accumulation, which has been detected in renal tubular epithelial cells in rodents
up to 6 months after administration of AuNPs and carbon nanotubes. Further uncertainties include effects on cellular
senescence and malignant transformation, as well as potential immunotoxicity. For patients requiring repeated dosing for
chronic diseases, evidence suggests that anti-PEG antibodies form in 25-40% of the general population, which may
trigger accelerated blood clearance and hypersensitivity reactions upon re-exposure.?!

Moreover, although kidney-targeting nanomedicines have demonstrated remarkable therapeutic efficacy in preclinical
rodent models, their progression to human clinical trials has encountered substantial obstacles. For instance, no kidney-
specific nanomedicine has successfully advanced to clinical approval, with most systems remaining confined to
preclinical rodent studies. This discrepancy might stem from the inherent limitations of murine models in replicating
human renal pathophysiology, including species-specific differences in glomerular filtration rates, tubular reabsorption
mechanisms, and the inability of rodent models to fully recapitulate the complex multi-organ comorbidities, metabolic
disorders, and chronic disease progression patterns characteristic of human kidney diseases.”

To address these barriers, several strategies have been proposed. Surface modification with PEG or zwitterionic polymers can
reduce immune recognition, minimize nonspecific protein adsorption, and extend circulation time. Targeting specificity can be
enhanced by decorating nanoparticles with ligands such as anti-VCAM-1 or anti-PDGF-B antibodies, which direct accumulation
to inflamed or fibrotic renal tissue.'® In parallel, the development of renal organoids and kidney-on-a-chip platforms offers more
physiologically relevant human models for evaluating nanoparticle performance and mitigating discrepancies between conven-

101 Nano-therapies guided by these design principles have demonstrated improved

102

tional in vitro assays and animal studies.
precision, reduced off-target toxicity, and enhanced tissue repair in preclinical models of nephropathy.

In conclusion, although nanotechnology has provided innovative solutions for the management of kidney diseases,
this field must shift from proof-of-concept research to rigorous, clinically translatable studies to clearly address these
limitations. Future research priorities should include the development of biomimetic nanoparticles with improved renal
permeability and reduced immunogenicity, the establishment of large animal models (pigs, non-human primates) that
better simulate human renal physiology, and the implementation of adaptive clinical trial designs that incorporate
pharmacokinetic-pharmacodynamic models. Through this balanced and prudent advancement, nanomaterials may offer
further treatment prospects for patients with kidney diseases.
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Conclusion

This review summarizes recent advances in four major nanomaterial platforms - lipid-based, polymeric, inorganic, and
exosome-based delivery systems - in the context of kidney-targeted therapy. Each platform offers distinct physicochemical
features, tunable size properties, and adaptable targeting strategies that support rational design for efficient drug delivery,
reduced systemic toxicity, and integrated theranostic applications, as outlined in Table 1. Collectively, these nanotechnologies

Table | Summary of Nanomaterials for Kidney Diseases: Size, Targets, and Therapeutic Applications

Classification | Nanoparticles Size (nm) Target/Location Diseases References
LNPs KLPPR 59.5£6.2 Renal tubule (RT) DN [16]
SA-GA SLNs <250 HK2 (human kidney) cell lines AKI [19]
AST-SLN =100 Kidney (renal tissue) AKI [20]
bHDL 10.9 Damaged tubular epithelial cells Chronic kidney disease and the [21]
associated renal fibrosis
PC-PLNs =|10 Glomerular endothelium and CKD [22]
podocytes
siRNA SORT LNPs =60 Kidneys, lungs, and spleen - [23]
SOD2 mRNA-LNP - Kidney cells AKI [24]
Lipid-polymer nanoparticles loaded with siRNA =|00-200 RT DKD Renal fibrosis [103-105]
PNPs PLGA/CS/HA-KTP siRNA 306 Renal proximal tubules Contrast-induced acute kidney [29]
injury (CI-AKI)
NAD" Intelligent Delivery System =|00 RT DKD Renal fibrosis [30,106]
Thermosensitive polymeric nanogels =|00-200 RT DKD Renal fibrosis [107]
Metal-Organic Frameworks (MOFs) and Polymer | =50-200 RT DKD Renal fibrosis [108,109]
Composite Nanomaterials
PISP =100 RT DKD Renal fibrosis [110]
PCurNP =50 RT DKD Renal fibrosis [
Polyethylene glycol (PEG) modified nanoparticles | =10-100 RT DKD Renal fibrosis [112-115]
PLGA-PEI-PEG NPs <200 Kidney Renal ischemia-reperfusion injury [116]
PLGA =50-200 RT DKD Renal fibrosis [117]
PUE-NP 172.7 - Alcohol-induced liver and kidney [1e]
injury
Inorganic NPs AuNPs - Kidney Kidney injury [36,119]
3.93+ 0.68 Perivascular tissue Arteriovenous fistula [120]
8-12 PTECs CKD and DKD [121]
p-AuNPs 2.1+0.4 Renal tubular acidic CKD [39,122]
Microenvironment
Glutathione S-transferase-AuNPs 2.5+0.3 Inner strip of outer medulla Cisplatin-induced AKI [92]
(ISOM)
C. rubens-AuNPs 20-30 nm RTECs Cadmium-induced kidney injury [123]
Glutathione-capped AuNPs 2.5+0.3 Inner strip of outer medulla Cisplatin-induced AKI [92]
(ISOM)
SeNPs 88.4 Kidney IRI [40]
AgNPs <40 Kidney Renal oxidative damage [47]
10-20 Kidney Renal toxicity [124]
SPIONs 45-65 GSH Iron deficiency anemia [48]
AgNPs, AuNPs, Pc-Au NCs 30-60 Kidney Kidney injury [125]
Rhodium NPs <10 RT - [126]
Ruthenium NPs 2.80 £ 0.50 TME Acute kidney injury induced by [127]
cisplatin
Ce-based NPs =60 Tubular epithelial cell (TEC) Renal anemia, etc [128]
Zn-based NPs 160 £ 2.7 - Renal injury induced by carbon [129]
tetrachloride (CCl4)
(Continued)
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Table | (Continued).

Classification | Nanoparticles Size (nm) Target/Location Diseases References
Exosomes huMSC-Exos ~100-150 Homing to injured kidney AKI [70,130]
(nonspecific enrichment)
USC-Exos ~50-150 Homing to injured kidney AKI [73,131]
(nonspecific enrichment)
Exosomes derived from macrophages 80-130 TECs Kidney fibrosis and renal tubular cell | [82,132]
senescence
BMMSC-Exos ~50-100 Homing to injured kidney DKD [133]
(nonspecific enrichment)
Exosomes 30-100 Kidney tissue DKD [134]
Tubular exosomes 100 - DKD fibrosis [135]

hold substantial promise for the treatment of both AKI and CKD, as they can simultaneously address key pathological
processes, including inflammation, oxidative stress, and fibrosis. Their continued development may pave the way for more
effective and personalized interventions in renal disease. Despite promising preclinical efficacy, the clinical translation of
nanomedicines for kidney diseases is hindered by unresolved technical limitations, including suboptimal targeting, rapid
clearance, and off-target accumulation-coupled with inherent pathophysiological discrepancies between rodent models and
human disease, as well as insufficient long-term safety data. Accordingly, rational design optimization and rigorous safety

evaluation will be essential for advancing kidney-targeted nanotherapies toward clinical reality.
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