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Abstract: Kidney stone disease is one of the most common urologic disorders worldwide and imposes a growing clinical and 
socioeconomic burden because of its rising prevalence, high recurrence rate, and association with chronic kidney injury and systemic 
metabolic abnormalities. Calcium oxalate (CaOx) stones remain the predominant stone type, and their formation is now recognized as 
a multistep process involving urinary supersaturation, crystal nucleation and growth, tubular epithelial injury, oxidative stress, 
inflammation, and crystal retention. Although current management strategies, including dietary modification, pharmacologic preven
tion, and endourologic interventions, have substantially improved stone clearance, important limitations remain. These include 
inadequate early detection, suboptimal prevention of recurrence, insufficient targeting of the local renal microenvironment, and 
procedure-related complications. Recent advances in nanotechnology offer new opportunities to address these unmet needs. Owing 
to their large specific surface area, tunable physicochemical properties, versatile surface functionalization, and capacity for multimodal 
integration, nanomaterials have shown considerable promise in metabolic sensing, urinary biomarker detection, targeted drug delivery, 
modulation of crystal growth, biomimetic renal targeting, and photothermal or photoresponsive lithotripsy. In parallel, the convergence 
of nanotechnology with artificial intelligence, smart diagnostic devices, and personalized metabolic profiling is reshaping kidney stone 
management. This shift is moving the field from passive stone removal toward active risk prediction, dynamic monitoring, and 
precision prevention. In this review, we summarize recent advances in nanomaterial-based strategies for the diagnosis, treatment, and 
prevention of kidney stones, with particular emphasis on CaOx disease. We also discuss the major translational barriers, including 
biocompatibility, long-term safety, regulatory complexity, scalable manufacturing, and cost-effectiveness, and outline future directions 
for clinically integrated, intelligent, and individualized stone care. 
Keywords: kidney stone, calcium oxalate, nanomaterials, nanomedicine, early diagnosis, targeted drug delivery, recurrence 
prevention, precision medicine

Introduction
Kidney stone disease is among the most common disorders affecting the kidney and urinary tract and represents a growing 
global health challenge.1,2 Recent epidemiologic analyses indicate that the burden of urolithiasis has increased substantially 
over the past decades across regions and demographic groups, with global prevalence estimates commonly ranging from 
approximately 5% to 15%, and a recent meta-analysis reporting an overall pooled prevalence of 10.85%.2–5 In the United 
States, kidney stone disease affects nearly 1 in 11 individuals, and relevant data have shown a marked increase in prevalence 
over time. Recurrence remains a defining feature of the disease: guideline-level evidence indicates that at least 50% of 
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patients may experience another stone within 10 years of the first episode, while the European Association of Urology reports 
a recurrence rate of 26% within 5 years for first-time stone formers and notes that highly recurrent disease occurs in slightly 
more than 10% of patients.6–8 Kidney stones are also heterogeneous in composition. Calcium-containing stones, especially 
calcium oxalate and calcium phosphate, account for approximately 70%–80% of cases, whereas uric acid, struvite (infection- 
related), and cystine stones represent smaller but clinically important subtypes, each associated with distinct metabolic, 
infectious, or genetic mechanisms.9,10 Calcium oxalate stones are the most prevalent subtype and are typically driven by 
hypercalciuria, hyperoxaluria, hypocitraturia, and low urine volume, but their clinical behavior is not explained by urinary 
chemistry alone.11,12 Increasing evidence supports a multistep pathogenic model in which urinary supersaturation interacts 
with tubular epithelial injury, oxidative stress, inflammatory amplification, and crystal retention, thereby making kidney stone 
disease a complex metabolic and microenvironmental disorder rather than a simple precipitation event.13,14

Current management strategies remain effective yet incomplete. Dietary modification, high fluid intake, and selected 
pharmacologic interventions can reduce recurrence in appropriate patients, as reaffirmed by guideline statements and a recent 
systematic review of recurrent nephrolithiasis prevention.11,14,15 However, the real-world effectiveness of these strategies is often 
constrained by heterogeneous metabolic phenotypes, treatment burden, adverse effects, and suboptimal adherence; notably, one 
adherence study found that only about half of patients prescribed long-term chemopreventive therapy remained adherent. 
Surgical and endourologic advances have substantially improved stone clearance, but surgery does not eliminate the underlying 
propensity to recur.16,17 Moreover, residual fragments remain after an estimated 30% to 65% of procedures in some settings and 
may contribute to subsequent relapse, infection, stone regrowth, and ongoing patient morbidity.18,19 Accordingly, current care 
pathways are strong in acute stone removal but still limited in early risk detection, durable recurrence prevention, and direct 
modulation of the local renal microenvironment that promotes crystal retention and injury. These limitations underscore the need 
for new approaches that can enable earlier diagnosis, more precise local intervention, and individualized prevention.16,20

Nanomaterials offer a compelling framework to address these unmet needs. Their high specific surface area, tunable 
size and morphology, modifiable surface chemistry, and capacity for integrating sensing, targeting, imaging, and therapy 
make them highly suited to a disease characterized by multiscale interactions between urinary metabolites, crystals, renal 
epithelial cells, and inflammatory mediators.21–24 Recent studies suggest that nanomaterial-based platforms may support 
several clinically relevant functions in kidney stone disease, including urinary biochemical sensing, kidney-targeted drug 
delivery, antioxidant and anti-inflammatory mitigation of crystal-associated injury, biomimetic intervention, and photo
responsive stone fragmentation.25–27 Rather than serving as a purely conceptual innovation, nanotechnology is increas
ingly being explored as a translational platform that could bridge molecular detection, local therapy, and dynamic disease 
monitoring when aligned with pathophysiology and clinical workflow.21,28,29 At the same time, the future of kidney stone 
management is likely to be defined not by nanotechnology alone, but by its integration with artificial intelligence, smart 
diagnostics, and individualized metabolic profiling.30,31 A recent systematic review showed that AI is already being 
applied across stone detection, composition prediction, treatment planning, and recurrence forecasting, indicating that the 
field is moving toward a more predictive and personalized model of care.30 Against this background, nanotechnology 
may serve as the interfacial layer that links molecular detection, local treatment, and dynamic monitoring, thereby 
enabling a transition from passive stone removal to active and precision-based stone prevention.21,30,31

In this review, we summarize recent advances in nanomaterial-based strategies for the early diagnosis, targeted 
treatment, and recurrence prevention of kidney stone disease, with particular emphasis on calcium oxalate-related 
pathology. We also discuss the major barriers to clinical translation, including biocompatibility, long-term safety, 
regulatory complexity, manufacturing scalability, and cost-effectiveness, and highlight future trends involving intelligent 
diagnostics, AI-assisted risk stratification, and personalized therapeutic design. This review aims to provide a more 
evidence-grounded framework for the future treatment and prevention of nephrolithiasis.

Overview of Nanomaterials in the Mechanisms of Kidney Stone Formation
Nanomaterials and the Mechanisms of Stone Formation
Kidney stones, particularly calcium oxalate (CaOx) stones, are prevalent disorders of the urinary system.32 Their 
formation involves complex mechanisms and multiple contributing factors.32,33 Recent studies have gradually elucidated 
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the role of nanomaterials in stone formation, particularly highlighting how nano-calcium and nano-hydroxyapatite 
influence stone nucleation, aggregation, and dissolution. The physicochemical properties of nanoparticles, including 
particle size, surface charge, and solubility, significantly affect kidney stone formation.27,34,35 Although these mechan
isms are complex, understanding the application of nanomaterials in kidney stones is crucial.

Current evidence indicates that kidney stone formation is not merely a consequence of macroscopic crystal deposi
tion. Instead, it represents a pathological biomineralization process involving nanoscale crystal nuclei, interfacial energy, 
surface charge, and cellular injury. Therefore, examining stone formation from a nanomaterial perspective not only 
clarifies the critical transition from Randall’s plaque to CaOx epitaxial growth but also informs the design of subsequent 
diagnostic, preventive, and interventional materials.36–38 In a nanoscale analysis of early human renal papillae affected by 
Randall’s plaque, Gay et al demonstrated that the plaque constitutes an interfacial structure composed of biologically 
deposited hydroxyapatite nanoparticles and an organic matrix. This finding suggests that nano-hydroxyapatite is not 
merely a passive component, but may also act as a precursor platform for subsequent CaOx heterogeneous nucleation.36 

This interpretation is consistent with Khan’s summary of the pathological biomineralization of Randall’s plaque, which 
indicates that once subepithelial hydroxyapatite deposits are exposed to urine, they can adsorb urinary proteins, ions, and 
microcrystals through surface-active sites, thereby facilitating CaOx nucleation, aggregation, and anchored growth.39 In 
addition, direct material-science evidence arises from studies examining the size-dependent effects of nano- 
hydroxyapatite (nano-HAP). For instance, Han et al compared HAP crystals of 40 nm, 70 nm, 1 μm, and 2 μm in an 
HK-2 cell model. They reported that nano-HAP exhibits higher specific surface area, elevated surface energy, lower 
contact angle, and reduced zeta potential, facilitating adhesion to and internalization by renal tubular epithelial cells. 
These properties lead to upregulation of osteopontin and hyaluronic acid, disruption of lysosomal integrity, and induction 
of apoptosis or necrosis, ultimately conferring a stronger pro-lithogenic potential than micrometer-sized HAP.40 These 
findings indicate that particle size not only defines the physical dimensions of a particle, but also modulates the 
thermodynamic and kinetic behavior at the particle-cell interface. Smaller particles provide a larger reactive surface 
area per unit mass, contain more surface defects and uncoordinated ions, exhibit stronger adsorption of Ca2+, PO4 

3−, 
oxalate, and urinary proteins, and more readily amplify epithelial damage through endocytosis and lysosomal stress. 
Adhesion molecules exposed on the damaged cell membrane subsequently serve as high-affinity sites for CaOx adhesion 
and retention, thereby establishing a positive feedback loop of nanocrystal-cell damage-crystal retention.40

Similar size-dependent effects have been observed for CaOx itself. Kumar et al reported a significant increase in 
CaOx nanocrystals in morning urine and post-dietary oxalate loading in human urine, suggesting that these nanocrystals 
are not in vitro artifacts but represent early structural units present in the preclinical stone microenvironment.37,38 

Furthermore, Chen et al demonstrated that small COMs, ranging from 100 nm to 3 μm, are more readily internalized by 
HK-2 cells, inducing enhanced oxidative stress, NLRP3 inflammasome activation, and pyroptosis.41 Tong et al reported 
that COMs of varying sizes differentially affect macrophage pyroptosis and M1/M2 polarization, indicating that nano- 
and micron-scale CaOx crystals modulate the inflammatory microenvironment via either endocytosis-dominant or 
adhesion-dominant pathways, which is critical for understanding stone recurrence and local immune remodeling.42 

Mechanistically, nanoparticle-mediated promotion or inhibition of stone formation depends on surface charge, particle 
size, surface functional groups, crystalline phase, and solubility. On one hand, nano-CaP/HAP particles with suitable 
negative charges or exposed Ca/P active sites can act as heterogeneous nucleation cores, lowering nucleation energy 
barriers and promoting preferential crystal growth through adsorption of Ca2+, oxalate ions, and urinary proteins.36,40,43 

Conversely, if nanomaterials can competitively complex Ca2+ or oxalate ions, alter the step energy of the crystal surface, 
or enhance local solubility, stone-promoting materials may be converted into stone-resistant materials.44,45 The CIT-PAH 
supramolecular nanoparticles developed by Di Gianvincenzo et al exemplify this concept. The system simultaneously 
delivers citric acid and exploits the strong interaction between PAH and oxalate to disassemble CaOx nanocrystals. The 
dissolution of CaOx crystal structures is observed in both aqueous solution and artificial urine, demonstrating that 
nanomaterials can directly facilitate the breakdown of precursor nanocrystals via ion exchange and interfacial 
complexation.45 Biomimetic polyphosphate and phosphonic acid molecules recently proposed by Kim et al further 
demonstrate that mimicking the phosphorylation-related surface chemistry of natural anti-crystallization proteins can 
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markedly inhibit CaOx nucleation and irreversibly block crystal growth, thereby providing a precise theoretical frame
work for designing anti-stone nanomaterials with tailored surface functionalities.44

At the same time, microbial and biological surfaces can function as specialized soft nano-interfaces. Noonin et al 
demonstrated that the urinary symbiont L. acidophilus inhibits CaOx crystallization, growth, aggregation, and cell 
adhesion, whereas E. coli promotes crystal growth and aggregation. This contrasting effect appears to arise primarily 
from surface S-layer proteins and flagellar components rather than from oxalate-degradation activity.46 Agudelo et al 
further showed in both mouse and human kidney tissues that the renal microbiota and its surface molecular environment, 
modulated by antibiotics, can influence the incorporation of CaOx crystallization inhibitors or promoters. This finding 
extends the concept of nano-micro interfacial regulation of stone formation to the level of the native renal niche in 
clinically relevant contexts.47

Effects of Nanomaterials on Renal Cells
The potential of nanomaterials in kidney stone research lies in monitoring and intervening in early crystal events. Their 
clinical translation depends less on inhibiting crystal growth and more on whether interactions with renal cells, 
particularly tubular epithelial cells, are controllable, reversible, and safe.40,48,49 During kidney stone formation, renal 
tubular epithelial cells serve not only as the initial biological interface for nanocrystals, but also as a pathological switch 
that governs crystal retention, inflammation amplification, and progression into stable stone cores. Therefore, assessing 
the adsorption, endocytosis, subcellular trafficking, and secondary cytotoxicity of nanomaterials in these cells is essential 
to define safe parameters for anti-stone nanomaterial strategies.48 Early studies indicate that crystal adhesion to renal 
epithelium is critical in stone formation. Damaged epithelial surfaces expose anionic groups and adhesion molecules that 
facilitate crystal binding, converting cells from a barrier into a stone-promoting substrate.27 Recent studies under this 
framework demonstrate that nanoscale crystals and engineered nanomaterials are not inert particles. They actively 
modulate the damage profile and crystalline phenotype of renal tubular epithelial cells, influenced by particle size, 
morphology, surface charge, and dispersion state.34,40,48,49

Using nano-hydroxyapatite (HAP) as an example, Sun et al compared particles of 40 nm, 70 nm, 1 μm, and 2 μm in 
HK-2 cells and found size-dependent cytotoxicity. HAP reduced cell viability, disrupted membrane integrity, increased 
ROS and intracellular Ca2+, decreased mitochondrial membrane potential, and induced cell cycle arrest and necrosis, 
with stronger effects observed for smaller particles. Flow cytometry further showed that particle uptake positively 
correlated with toxicity: 40 nm HAP was internalized most efficiently, whereas 2 μm particles showed minimal uptake, 
indicating that nanoscale size promotes cellular entry and enhances pro-lithogenic toxicity.48 For example, Han et al, 
using a pathology-relevant model, found that 40 nm and 70 nm nano-HAP adhered more readily to HK-2 cell surfaces 
than micro-sized HAP and were more efficiently internalized and concentrated in lysosomes.40 They also increased 
expression of osteopontin and hyaluronic acid, caused lysosomal damage, and promoted cell death, indicating that the 
high surface area and surface energy of nano-HAP amplify both surface adsorption and intracellular damage.40 From 
a materials science perspective, smaller particle sizes provide larger reaction interfaces per unit mass and more surface 
defects and uncoordinated ions, facilitating adsorption of Ca2+, oxalate, and urinary proteins. These particles also enter 
cells via clathrin-dependent or phagocytic pathways, subsequently inducing local ion imbalance and membrane instabil
ity in lysosomes, converting particle stimulation into organelle damage.40,48 Furthermore, Rao et al also reported that 
HAP particle morphology, aspect ratio, and aggregation state influence cell toxicity. Enhanced toxicity is typically 
associated with increased ROS, decreased mitochondrial membrane potential, lysosomal damage, and G0/G1 arrest, 
suggesting that cell entry, lysosomal retention, and oxidative stress are central mechanisms of nanocrystal-induced renal 
epithelial injury.34

The effects of nanomaterials on kidney cells extend beyond direct toxicity; they can also modulate intracellular 
inflammatory signaling and intercellular communication networks. Li et al reported that extracellular vesicles (EVs) 
derived from human umbilical cord mesenchymal stem cells are primarily 30–100 nm in diameter. These EVs are 
internalized by HK-2 cells, reducing LDH, H2O2, MDA, and ROS in an oxidative-COM injury model while inhibiting 
TGF-β/Smad-mediated EMT changes. This suggests that specific natural nanovesicles do not worsen epithelial damage 
but can restore epithelial phenotype after oxidative injury by delivering regulatory factors.50 In contrast, Yuan et al found 
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that CaOx exposure induces endoplasmic reticulum stress and lysosomal dysfunction in macrophages, resulting in the 
release of GRP94-enriched extracellular vesicles. These vesicles are internalized by renal tubular cells, promoting tubular 
injury and ultimately enhancing CaOx deposition in mouse kidneys.51 This implies that nanoscale extracellular vesicles 
can function both as protective carriers and as amplifiers of inflammation and crystal deposition within the stone 
microenvironment.51 This finding broadens nanomaterial safety assessment from single-particle toxicity to intercellular 
nanoinformation transmission, where even materials with limited direct toxicity may indirectly influence stone formation 
by modulating nanovesicle secretion from macrophages, epithelial cells, or fibroblasts.50,51 Tong et al further demon
strated that COM crystals of varying sizes differentially affect macrophage pyroptosis and polarization, indicating that 
nano- and micro-scale crystals can modulate the renal tubular injury environment via immune cell reprogramming. This 
provides key insights into the interplay among cytotoxicity, inflammation, and crystal retention.42

Notably, nanomaterials are not inherently harmful to renal tubular cells. Increasing evidence indicates that appro
priately designed nanomaterials can mitigate epithelial damage via antioxidant, anti-inflammatory, and targeted delivery 
mechanisms, thereby exerting indirect anti-stone effects. The CeO2 nanoenzyme developed by Deng et al exhibited 
strong ROS scavenging in a high-oxalate injury model, downregulated cell-surface adhesion proteins, alleviated renal 
tubular pathology, and significantly reduced renal CaOx deposition in an ethylene glycol-induced rat model, without 
notable systemic toxicity (Figure 1).52 Tian et al further reported that the MOF-818 nanozyme alleviates oxalate-induced 
oxidative stress, decreases IL-6, TNF-α, and adhesion molecule expression, and promotes macrophage polarization from 
M1 to M2. In animal models, it concurrently reduces crystal deposition and inflammatory damage, suggesting that 
antioxidant activity and immune remodeling are key dual mechanisms by which nanomaterials protect renal epithelium.53 

Meanwhile, Biomimetic CeO2/TAK-242 nanoparticles developed by He et al further improve targeting to damaged 
kidney tissue. In a glyoxalate-induced mouse model, they inhibit the TLR4/NF-κB pathway, reduce oxidative stress and 
M1 polarization, and decrease crystal deposition, indicating that surface biomimicry not only enhances delivery 
efficiency but also improves safety by reducing nonspecific uptake and enhancing biocompatibility.54

In other words, nanomaterials exert a double-edged effect on renal tubular cells. Unregulated or highly reactive 
particles may aggravate injury through adsorption, endocytosis, and lysosomal accumulation, whereas surface-modified, 
morphology-optimized, and functionally loaded nanosystems can achieve protective delivery via the same entry 
routes.40,48,52,53 Clinically, this has two implications. First, nanomaterials for kidney stone therapy should not be judged 
solely by crystal suppression, but also by their effects on adhesion, endocytosis, subcellular localization, ROS produc
tion, mitochondrial injury, lysosomal stability, cytokine release, and crystal attachment in renal tubular cells; otherwise, 
materials that inhibit crystals in vitro may still promote stone formation in vivo.34,40,48 Second, safety evaluation should 
go beyond conventional viability assays to include disease-relevant indicators such as OPN/CD44/VCAM-1 expression, 
PS exposure, EMT markers, pyroptosis and ferroptosis pathways, macrophage polarization, and renal KIM-1, LCN-2, 
PAS/Von Kossa staining, as well as organ distribution in animal models, to determine whether a nanomaterial is both 
crystal-effective and kidney-compatible.50,52,55 Therefore, the key conclusion is that the renal cellular response to 
nanomaterials is central to their application in kidney stone prevention and treatment. Only materials that inhibit crystal 
formation while preventing or reversing oxidative stress, inflammatory activation, and renal tubular epithelial remodeling 
can be considered biocompatible and clinically translatable.53,54

Interaction Between Cells and Stones
From the perspective of pathological biomineralization, kidney stones are not inert byproducts that form passively after 
urinary supersaturation. Instead, they are selectively retained, amplified, and stabilized through dynamic interactions 
involving continuous contact, adhesion, endocytosis, and re-release between crystals and renal tubular epithelial cells. 
Therefore, nanoscale interactions at the cell–stone interface determine whether crystals are cleared or develop into stable 
stone cores.56–58

Classic studies have demonstrated that COM crystals rapidly bind to the microvilli of renal epithelial cells within 
minutes, are internalized, and subsequently transported to lysosomes for degradation. This indicates that adhesion and 
endocytosis are not incidental events but fundamental programs by which renal tubular cells process crystals.56,57 Recent 
research further shows that imbalance in this process—caused by oxidative stress, membrane damage, or altered material 
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Figure 1 Structural characterization and proposed renoprotective effect of CNPs. (A) Schematic diagram illustrating the ability of porous nanorod CNPs to inhibit renal 
calcium oxalate crystal deposition through mitigation of hyperoxaluria-associated oxidative stress. (B–D) TEM, high-resolution TEM, and SEM images of CNPs. (E) STEM- 
EDS elemental mapping images of CNPs. (F and G) XPS survey spectrum and high-resolution Ce 3d spectra of CNPs. (H) XRD pattern of CNPs compared with the 
standard CeO2 card. Adapted from,52 Copyright © 2022 by authors.
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interface properties—shifts protective crystal clearance toward pro-lithogenic crystal retention.41,58 Petrović et al sum
marized CaOx–renal epithelial interactions, noting that cell-surface anionic sites, the glycosaminoglycan layer, phos
pholipid exposure, and adhesion molecules such as OPN, CD44, and hyaluronic acid collectively govern stable crystal 
adhesion. Cell damage and consequent rearrangement of these sites markedly enhance crystal retention, facilitating 
subsequent aggregation and epitaxial growth.58 Nanoscale properties further amplify these cell–stone interface effects. 
Chen et al reported that in COM models, small crystals (100 nm, 1 μm, 3 μm) are efficiently internalized by HK-2 cells, 
elevating intracellular ROS and activating NLRP3 inflammasomes and pyroptosis, whereas larger crystals (5–10 μm) 
predominantly remain extracellular.41 This suggests that particle size not only governs crystal internalization but also 
influences whether crystals induce mechanical adhesion and membrane damage or trigger stronger inflammatory 
cascades via lysosomal and mitochondrial stress.41

Consistently, Han et al demonstrated that nano-HAP exhibits stronger adhesion and internalization than micrometer- 
sized particles. Internalized particles primarily accumulate in lysosomes. The observed pattern of stronger adhesion, 
greater internalization, and higher toxicity indicates that nanocrystals with higher surface activity and larger specific 
surface area form more robust interactions at the cell interface.40 Collectively, these results support the view that 
interactions between stone particles and cells are not mere collisions but interface recognition processes regulated by 
particle size, surface charge, morphology, and cell damage status.40,41,58 Mechanistically, crystals must first establish an 
initial anchor on the cell surface before internalization or retention along enlarged branches. Lieske et al demonstrated 
that COM selectively binds to renal epithelial cells and that this binding is modulated by growth factors and cell 
activation status, indicating that cells actively regulate membrane transport and cytoskeletal remodeling rather than 
passively accepting crystal adhesion.56,57 Subsequent studies show that outward rotation of phosphatidylserine, brush 
edge disruption, and upregulation of adhesion proteins on damaged cell surfaces significantly enhance nanocOM 
adhesion. Conversely, repair of oxidative damage reduces surface retention while increasing internalization and lysoso
mal transport. Increased surface adhesion often indicates a higher risk of stone formation, whereas moderate internaliza
tion and clearance reflect a protective response.59–62 For instance, Li et al confirmed in a 100 nm COM model that 
damaged HK-2 cells have reduced endocytosis of nano-COM. Following tea polysaccharide treatment, crystal inter
nalization increased and particles localized primarily to lysosomes, suggesting that restoring normal endocytic and 
lysosomal pathways is critical to inhibit crystal nucleation and aggregation.59 Zhao et al further demonstrated that 
moderately sized tea polysaccharides most effectively protect damaged cells and reduce nanocOM adhesion to cell 
surfaces. These findings indicate that the molecular weight and chain conformation of materials influence their capacity 
to repair membranes, mask adhesion sites, and modulate crystal–cell interfaces.60 Notably, subtle alterations in material 
structure can substantially change the nature of interactions between crystals and renal cells. Xiong et al reported that 
carboxymethylated polysaccharides significantly improved HK-2 cell viability following oxalate injury, decreasing 
adhesion to nano-COM and enhancing endocytosis. Internalized crystals primarily accumulate in lysosomes, suggesting 
that COOH groups enhance antioxidant and membrane-repair properties and may shift the adhesion–endocytosis balance 
by modulating cell surface charge and crystal interface hydration.61 Wang et al demonstrated in a Desmodium styr
acifolium polysaccharide model that carboxymethylation reduces CaOx stone risk by inhibiting crystal adhesion and 
promoting endocytosis. This effect is closely associated with the degree of substitution and functional group density, 
highlighting that structural optimization produces measurable functional differences at the crystal–cell interface.62 

Similarly, Xu et al and He et al found that increasing sulfate group content in brown algae– or kelp-derived poly
saccharides enhances both repair of damaged HK-2 cells and inhibition of nano-COM/COD adhesion.63,64 These findings 
suggest that increased negative charge density and hydrophilicity weaken direct crystal–cell membrane contact and 
reduce adhesion-promoting phenotypes by alleviating oxidative and ER stress.63,64 Moreover, Chen et al demonstrated 
that sulfated Undaria pinnatifida polysaccharides promote cellular endocytosis of nano-COD while mitigating mitochon
drial and lysosomal damage. This indicates that structurally optimized biomaterials not only prevent crystals from 
contacting cells but also direct them toward intracellular pathways favoring degradation and clearance (Figure 2).65

Beyond chemical modification, crystal morphology itself also influences the strength of cell–crystal interactions. 
COD/COM crystals with larger faces, sharp edges, or elongated bipyramidal shapes induce greater membrane damage in 
HK-2 cells and increase effective contact area, thereby enhancing adhesion and toxicity.66,67 This suggests that regulating 
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crystallization via nanomaterials to produce smoother, less aggregated crystals with lower surface activity may have 
greater therapeutic value than merely reducing crystal quantity.66,67 Liu et al showed that polysaccharide-regulated CaOx 
crystals exhibit improved antioxidant activity and cell compatibility, demonstrating that crystal engineering, through 
modulation of morphology, aggregation, and surface chemistry, reduces crystal affinity and cytotoxicity toward renal 
epithelium.68 Notably, external environmental nanoparticles may amplify crystal–cell interactions. Recent studies 
indicate that polystyrene nanoplastics promote CaOx nucleation, enhance crystal adhesion to renal tubular epithelium, 
and amplify inflammation and ferroptosis.69 This highlights that not all nanoparticles are therapeutically beneficial; some 
environmental nanoparticles may act as lithogenic cofactors by providing heterogeneous nucleation sites and disrupting 
membrane receptor signaling.69

Therefore, treatment design should optimize nanomaterial-cell-stone interactions according to three principles. First, 
material surfaces should avoid generating new adhesion-promoting cores and instead reduce direct crystal-membrane 
adhesion by increasing hydrophilicity, moderately enhancing negative charge density, introducing carboxyl, sulfate, or 
phosphonic acid groups, and competitively shielding Ca2+ or active crystal sites.61,62,64 Second, ideal materials should 
not only prevent crystal-cell contact but also repair damaged epithelium, thereby restoring normal endocytosis and 
lysosomal processing so that contacting nanocrystals are cleared rather than continuing to nucleate and aggregate on the 
cell surface61,62,64,65 Third, structural optimization must be evaluated together with biosafety. Effects on cell viability, 
ROS, mitochondrial membrane potential, lysosomal integrity, inflammatory markers, OPN/CD44 expression, crystal 
deposition, and renal pathology in animals should all be assessed, because anti-adhesion alone is insufficient to support 
translational potential.40,41,69 Ultimately, cell-stone interactions are central to the design of anti-stone nanomaterials. The 
full therapeutic potential of nanotechnology in kidney stone treatment can be realized only when materials shift the 

Figure 2 Proposed mechanism by which UPPs promote the endocytosis of nano-COD crystals after repair of oxalate-induced oxidative injury in HK-2 cells. Sodium 
oxalate-induced injury increases intracellular ROS generation, disrupts organelles and cytoskeletal structure, and impairs the normal physiological state of HK-2 cells, thereby 
decreasing endocytosis of nano-COD crystals. UPP treatment alleviates oxidative stress-related damage, restores mitochondrial and lysosomal function, promotes 
autophagy-related processing, and improves overall cellular status. As a result, damaged cells are repaired, crystal adhesion is reduced, and endocytosis of nano-COD is 
enhanced, facilitating intracellular trafficking and clearance. Red arrows indicate changes in cellular injury and repair, and blue arrows indicate the decrease or increase in 
crystal endocytosis before and after UPP treatment. Adapted from,65 Copyright © 2023 by authors. 
Abbreviations: ROS, reactive oxygen species; SOD, superoxide dismutase; MDA, malondialdehyde; UPPs, sulfated Undaria pinnatifida polysaccharides; nano-COD, nano- 
calcium oxalate dihydrate.
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crystal-cell interface from a high-adhesion, low-clearance, pro-inflammatory state to a low-adhesion, endocytic, degrad
able, and low-damage protective state.68,69

The Application of Nanomaterials in the Treatment of Kidney Stones
Design and Application of Nanodrug Delivery System
Compared with therapies for tumors or infectious diseases, pharmacological treatment of kidney stones has long faced 
a less visible but critical bottleneck. Many bioactive molecules with antioxidant, anti-inflammatory, crystal-inhibitory, or 
crystal-clearing potential are limited by poor water solubility, short circulation time, insufficient renal exposure, brief 
retention at the lesion site, and systemic adverse effects. As a result, these agents often fail to maintain effective 
concentrations during the critical window of stone formation. This limitation provides the fundamental theoretical 
rationale for applying nanodrug delivery systems in kidney stone therapy. In kidney stone disease, nanodrug delivery 
may be achieved through systemic vascular transport, nephron-oriented renal access after glomerular filtration or 
peritubular capillary transport, or local urinary tract administration through catheter- or endoscopy-assisted approaches, 
with route selection depending on the intended site of action and therapeutic objective (Table 1 and Figure 3).27,70,71

Studies on nanodelivery systems for kidney diseases have shown that carriers such as liposomes, solid lipid 
nanoparticles, polymeric nanoparticles, dendrimers, mesoporous silica nanoparticles, biomimetic membrane-coated 
nanoparticles, and exosome-like vesicles can substantially improve therapeutic efficacy. These benefits arise from 
enhanced drug solubility, reduced premature clearance, prolonged half-life, protection of unstable drugs or nucleic 
acid cargoes, and improved local renal accumulation through passive or active targeting.70,71,73,74 Because the kidney is 
a highly specialized organ, the design of nanodelivery systems must account for physiological constraints, including the 
glomerular filtration barrier, proximal tubular reabsorption, and the distribution of renal interstitial blood flow. 
Accordingly, particle size, surface charge, hydrophilicity, elasticity, and surface ligands determine not only 

Table 1 Overview of Nanocarrier Platforms for Kidney Targeting and Drug Delivery

Nanocarrier 
Type

Representative Materials Key Advantages for Renal Targeting Typical Payload & 
Function

Reference

Lipid-based NPs Liposomes, Solid Lipid NPs 

(SLNs), Nanostructured Lipid 
Carriers (NLCs)

Biocompatible, can encapsulate hydrophilic/ 

hydrophobic drugs; extended circulation via 
PEGylation; passive/active targeting

Antioxidants, anti- 

inflammatory drugs, 
siRNA, protective 

agents

[73, 74]

Polymeric 

Nanoparticles

PLGA, PEG-PLGA, chitosan, 

layer-by-layer constructs

Controlled release, tunable degradation, 

functional surface modification for targeting

Small molecule drugs, 

peptides, gene drugs 

(siRNA/miRNA)

[73, 74]

Dendrimer & 

Biopolymer NPs

PAMAM dendrimers, protein/ 

lysozyme carriers, 
biopolymer conjugates

High surface functionality for ligand modification; 

potential receptor-mediated uptake

Targeted ligands, renal 

protective therapeutics

[73, 75, 76]

Nanoparticles 
with Stimuli- 

Responsive 

Design

ROS-responsive polymers, 
enzyme/pH responsive 

coatings

Triggered drug release in disease 
microenvironment; minimized off-target release

Antioxidants, anti- 
inflammatory agents 

delivered on demand

[77, 78]

Hybrid & 

Inorganic- 
Organic NPs

Mesoporous silica, metal 

oxide hybrids

High loading capacity, multifunctional (imaging + 

therapy); surface modification for targeting

Combination therapy, 

responsive release 
systems

[79, 80]

Biomimetic/Cell 
Membrane- 

Coated NPs

Cell membrane camouflaged 
particles

Immune evasion; prolonged circulation and 
potentially increased renal accumulation

Anti-inflammatory 
payloads, renal 

protective drugs

[81–83]
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pharmacokinetics but also biodistribution. More specifically, these properties influence whether a carrier reaches the 
glomerulus or proximal tubules, or is preferentially cleared by the hepatic and splenic systems during circulation.74,84 

Vasylaki et al concluded that there is no single optimal size for renal nanodelivery. Instead, carrier design should be 
defined in reverse according to the target site. Smaller particles are more likely to enter the nephron through filtration, 
whereas mesoscale polymeric nanoparticles measuring hundreds of nanometers may preferentially accumulate in the 

Figure 3 Overview of nanomaterial-based delivery systems relevant to kidney stone therapy. Schematic summary of the major delivery platforms discussed in this review, 
including lipid-based nanoparticles, natural and synthetic polymeric nanoparticles, dendrimers, protein-based nanoparticles, carbon nanotubes, metallic and silica nanopar
ticles, exosomes, hyaluronic acid-based systems, biomimetic nanoparticles, cell membrane-cloaked nanoparticles, and stimulus-responsive intelligent nanomaterials (IMNs). 
These platforms can be broadly interpreted according to key translational properties such as biodegradability/non-biodegradability and immunoactivity/immunoinactivity, 
which collectively influence their pharmacokinetics, biosafety, renal compatibility, and therapeutic applicability. In the context of kidney stone disease, such delivery systems 
provide diverse design options for improving drug solubility, prolonging circulation, enhancing kidney or lesion-specific accumulation, enabling stimulus-responsive release, 
and integrating microenvironment modulation with stone-directed intervention. As summarized in The Application of Nanomaterials in the Treatment of Kidney Stones, the 
therapeutic value of these systems lies not only in drug transport itself, but also in their potential to support renal targeting, oxidative stress reduction, anti-inflammatory 
treatment, crystal-growth interference, and multimodal intervention in stone-associated injury. Adapted from,72 Copyright © 2025 by authors.
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tubular epithelium through transcellular transport from the peritubular capillaries. This site-specific design strategy is 
particularly important for treating stone-related proximal tubular injury.84

Among currently available carrier types, liposomes and other lipid-based nanoparticles are the most clinically 
established systems because their composition resembles that of biological membranes and confers favorable biocompat
ibility, biodegradability, and scalable manufacturing potential. In addition, they exhibit strong encapsulation capacity for 
hydrophobic drugs, bioactive lipids, and nucleic acid payloads.71,74,85 Mechanistically, PEGylated liposomes or lipo
somes modified with surface ligands can prolong circulation by reducing plasma protein adsorption and reticuloendothe
lial clearance. In diseased tissues, these systems can further enhance local accumulation through increased inflammation- 
associated vascular permeability or ligand-receptor recognition.86,87 A representative example of this strategy has been 
reported in kidney disease. Wu et al developed VCAM-1-targeted celastrol phospholipid nanoparticles (PC-PLNs), which 
delivered the otherwise highly toxic and poorly soluble drug to injured glomerular endothelial cells and podocytes. This 
formulation reduced endothelial injury and inflammatory responses in chronic kidney disease models, while also 
markedly decreasing systemic toxicity.88 This study indicates that lipid nanocarriers in kidney disease serve not merely 
as passive loading vehicles, but as platforms that redefine the therapeutic window by reshaping tissue distribution.88 This 
concept is also transferable to kidney stone disease. Oxalate-induced tubular injury and crystal deposition are accom
panied by oxidative stress, upregulation of inflammatory adhesion molecules, and disruption of local vascular and 
epithelial barriers. Therefore, encapsulating antioxidant or anti-inflammatory agents in liposomes and functionalizing 
them with ligands targeting tubular or injury-associated markers may substantially enhance effective drug exposure at 
sites of stone-related lesions.27,70,84,88 Broader clinical experience further supports the value of liposomes as a versatile 
platform. Gabizon et al noted that PEGylated liposomal doxorubicin (PLD) has become a landmark model in nanome
dicine. Its key pharmacological contribution lies in demonstrating that prolonged circulation, sustained release, and 
redistribution across tissues can substantially improve the efficacy-toxicity balance of conventional drugs.89 Although 
this principle was first established in oncology, it is also relevant to kidney stone therapy.89 More recently, research on 
lipid nanoparticles has shown that these carriers have become one of the most successful platforms for nucleic acid 
delivery. The clinical success of mRNA vaccines demonstrates the practical feasibility of lipid nanoparticles for nucleic 
acid stabilization, membrane translocation, and large-scale manufacturing. This progress provides an important technical 
foundation for the future delivery of siRNA, miRNA, and anti-inflammatory nucleic acid therapeutics in kidney stone 
disease.90,91 Interestingly, a recent study by Khabbazian et al reported tetherless, urease-loaded soft magnetic robots for 
local dissolution of uric acid stones through ultrasound-guided magnetic navigation and sustained urinary basification. 
Although this mechanism is particularly suited to uric acid stones rather than calcium oxalate stones, the platform itself 
may still be adaptable to CaOx disease by replacing the urease-based chemolytic strategy with alternative payloads that 
inhibit crystal growth, destabilize CaOx crystals, or modulate the local renal microenvironment.92

Compared with liposomes, polymeric nanoparticles offer greater structural programmability and functional integra
tion. These features make them particularly suitable for stone therapy, which requires a careful balance among renal 
localization, stimulus responsiveness, sustained release, and surface functionalization.71,74,84 Materials such as PLGA, 
chitosan, hyaluronic acid, PVP copolymers, and layer-by-layer self-assembled systems support diverse loading strategies, 
ranging from small-molecule drugs to siRNA and miRNA.74,93 This versatility arises from the ability to tune molecular 
weight, charge density, degradation rate, and surface ligands. The HA-KTP-modified layer-by-layer polymeric nanopar
ticles reported by Gu et al provide an informative example.86 In this system, PLGA serves as the core, whereas chitosan 
and hyaluronic acid are sequentially incorporated into the outer layers to improve siRNA loading and stability.86 A renal- 
targeting peptide is then introduced to enhance accumulation in the proximal tubules. This platform ultimately enabled 
efficient delivery of Arg-2 siRNA, preserved mitochondrial function, and improved renal function in a contrast agent- 
related acute kidney injury model. These findings suggest that the major strengths of polymeric nanoparticles lie in their 
hierarchical design and multifunctional integration. These properties are particularly important for the coordinated 
modulation of oxidative stress, inflammation, and crystal adhesion in stone therapy.93

In addition, polymeric systems are especially well suited for improving the bioavailability of natural products and 
polyphenolic compounds. A review of acute kidney injury research suggests that chitosan nanoparticles, PAMAM 
dendrimer-based carriers, and hyaluronic acid-modified nanosystems have been used to enhance the stability and renal 
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distribution of active agents such as the mitochondria-targeted antioxidant peptide SS-31 and rosmarinic acid. 
Collectively, these studies indicate that polymeric nanoparticle-based delivery may substantially improve the druggability 
of anti-stone candidate molecules with poor oral bioavailability or insufficient plasma exposure.71,74 A more direct 
example in kidney stone research is provided by the CIT-PAH supramolecular nanoparticles developed by Di 
Gianvincenzo et al. This system simultaneously delivers citric acid and strengthens interactions with oxalate groups 
through a polycationic framework, thereby promoting the dissolution of CaOx nanocrystals in aqueous solution and 
artificial urine. This finding suggests that nanocarrier systems in kidney stone disease may serve not only to deliver drugs 
to the kidney, but also to actively regulate ion exchange and crystal stability within the urinary microenvironment.45 In 
addition to traditional liposomes and polymeric particles, biomimetic nanosystems and inorganic or hybrid nanodelivery 
platforms have attracted increasing attention in stone therapy in recent years. A major reason is that they can combine 
delivery capacity with the intrinsic therapeutic activity of the material itself.52,54 The porous rod-shaped CeO2 nanozyme 
developed by Deng et al functions not merely as a carrier in hyperoxaluria- and CaOx-related models. Rather, the 
material itself exerts enzyme-like ROS-scavenging activity through reversible Ce3+/Ce4+ conversion. As a result, it 
reduces HK-2 cell injury, downregulates cell-surface adhesion proteins, and decreases CaOx deposition in rat kidneys, 
thereby illustrating the nanotherapeutic concept of carrier as drug.52 Building on this concept, He et al further developed 
ROS-responsive CeO2/TAK-242 biomimetic nanoparticles coated with red blood cell membrane, designated 
RBCM@CeO2/TAK-242. This design conferred both prolonged circulation and preferential accumulation in injured 
kidney tissue through membrane biomimicry, while simultaneously enabling TLR4 inhibitor delivery and ROS scaven
ging. Ultimately, the system suppressed oxidative stress, M1 macrophage polarization, and crystal deposition in a mouse 
model.54 This design is particularly well suited to the complex pathological cascade of epithelial injury, inflammatory 
amplification, and crystal adhesion in stone lesions.54 It is also noteworthy that the MOF-818 nanozyme reported by Tian 
et al alleviates oxidative stress and inflammatory injury while reducing crystal deposition in animal models. This finding 
highlights the significance of inorganic and metal-organic framework-based nanoplatforms in stone therapy. Their value 
lies not only in increasing drug-loading capacity, but also in integrating delivery with local pathological microenviron
ment remodeling through tunable pores, surface coordination sites, and enzyme-like activity.53

From a design perspective, nanodrug delivery systems for kidney stones should satisfy at least four key requirements. 
First, they should improve bioavailability. For molecules such as citrate derivatives, natural products, antioxidants, and 
small nucleic acids that are easily degraded, poorly soluble, or rapidly cleared, nanoencapsulation can improve aqueous 
dispersibility, protect active components, and prolong in vivo exposure.71,84,91,94 Second, they should enhance targeting 
to both the kidney and the lesion site. Passive accumulation can be promoted by controlling particle size, surface charge, 
and the degree of PEGylation. Active localization can be further achieved by incorporating VCAM-1, KIM-1, proximal 
tubule-targeting peptides, or biomimetic cell membranes, thereby increasing drug concentration in injured renal tissue 
while reducing systemic toxicity.54,84,88,93 Third, they should enable stimulus-responsive and programmed release. Stone- 
forming sites are typically characterized by elevated ROS levels, inflammation, local pH changes, and high ionic 
strength. Accordingly, carriers responsive to ROS, pH, or ionic competition can promote preferential drug release within 
the lesion microenvironment rather than premature release during circulation.53,54 Finally, the intrinsic safety and non- 
lithogenic properties of the material must be carefully balanced. Because the kidney is both a therapeutic target and 
a clearance organ, any nanocarrier must avoid acting as a new heterogeneous nucleation interface or causing epithelial 
injury. This requirement means that surface chemistry, degradation products, long-term accumulation, and effects on the 
crystal-cell interface must all be systematically evaluated.52,71,84 From the perspective of clinical translation, the most 
realistic path for kidney stone therapy may not be the immediate development of entirely new specialized nanomedicines. 
Rather, a more practical strategy is to build on validated carrier platforms already established in kidney disease and other 
fields, and then adapt their delivery logic to the specific pathology of kidney stones. Liposomal platforms have already 
demonstrated industrial and regulatory feasibility in oncology and nucleic acid therapeutics.89–91 Polymeric nanoparticles 
provide directly transferable engineering templates for renal tubular targeting and siRNA delivery.93 In addition, 
biomimetic membrane-coated systems and nanozyme platforms may offer multimechanistic advantages over single 
small-molecule agents in the injury-inflammation-crystal deposition process of kidney stone disease.52,54 Therefore, 
the central argument is that the value of nanomedicine-based delivery systems in kidney stone therapy lies not only in 
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delivering drugs more efficiently, for longer durations, and with greater precision. More importantly, through refined 
carrier design, these systems can transform conventional pharmacotherapy from an inefficient model of systemic 
administration with insufficient local exposure into a precise therapeutic paradigm characterized by renal targeting, 
lesion-responsive release, and multimodal intervention. This shift may represent a key step toward the substantive 
transformation of traditional kidney stone treatment through nanotechnology.52,54,88,94

Antioxidant Nanozymes in Prevention and Treatment of Kidney Stones
Oxidative stress is a key pathological driver of the formation and progression of calcium oxalate (CaOx) kidney stones. 
Excessive production of reactive oxygen species (ROS) contributes to renal tubular injury, upregulation of epithelial 
adhesion molecules, and subsequent crystal retention and aggregation in both cell-based and animal models. Therefore, 
strategies that efficiently scavenge ROS and restore redox homeostasis may offer therapeutic potential beyond conven
tional litholytic approaches.27,53,95 In this context, antioxidant nanozymes, including cerium oxide (CeO2) and Prussian 
blue derivatives, have emerged as promising therapeutic candidates. These nanomaterials possess enzyme-mimicking 
free radical-scavenging activity and are capable of mitigating oxidative stress, preserving renal epithelial integrity, and 
ultimately reducing stone burden in vitro and in vivo.

Among the earliest and most extensively studied nanozymes in this field are cerium oxide nanoparticles (CNPs). 
These nanoparticles exhibit catalase-like and superoxide dismutase-like activity through reversible surface valence 
cycling between Ce3+ and Ce4+. This redox mechanism enables the catalytic decomposition of superoxide anions and 
hydrogen peroxide into less reactive species without substantial degradation or loss of activity.52,96 Building on the 
success of CeO2 nanozymes, recent studies have expanded the range of antioxidant nanocatalysts to include Prussian blue 
nanozymes. These systems have been engineered to hitchhike on endogenous neutrophils for targeted delivery to sites of 
CaOx crystal-induced renal injury. These citrate-coated Prussian blue nanozymes, termed NM@CPBzyme, exert both 
antioxidant and anti-inflammatory effects by inhibiting pyroptosis and neutrophil extracellular trap (NET) formation. As 
a result, they alleviate CaOx-induced tubular injury and reduce crystal deposition in murine stone models. Preliminary 
data further show that NM@CPBzyme treatment significantly reduces oxidative damage markers and renal crystal 
burden, while concurrently improving histopathological injury scores. These findings underscore the feasibility of 
integrating targeted delivery with robust ROS scavenging in a single therapeutic platform (Figure 4).95 In addition to 
discrete nanozyme formulations, hybrid materials such as MOF-based catalysts have also shown strong antioxidant 
potential under CaOx challenge conditions. A recent example is the MOF-818 nanozyme, which significantly suppressed 
CaOx stone deposition in vivo by alleviating oxidative stress and inflammatory injury in renal tissues. Its activity derives 
from the combination of high surface area and tailored catalytic sites, which efficiently neutralize free radicals in situ and 
thereby reduce both cellular oxidative damage and downstream pro-stone pathways.53 Collectively, these studies high
light a recurring mechanistic theme. By continuously decomposing excess ROS, antioxidant nanozymes not only protect 
renal cells from oxidative injury, but also indirectly downregulate pro-adhesive and pro-inflammatory signaling pathways 
that would otherwise promote stone nucleation and retention.27,53,95 From the perspective of clinical translation, 
antioxidant nanozyme-based therapy offers several practical advantages. First, the intrinsic catalytic activity of nanoma
terials such as CNPs and Prussian blue nanozymes reduces the need for repeated high-dose administration of small- 
molecule antioxidants, which often suffer from poor renal targeting and rapid systemic clearance. The catalytic turnover 
of nanozymes enables sustained ROS mitigation at lower effective doses and with reduced systemic exposure.52,97 

Second, nanozyme platforms can be further functionalized with targeting ligands or delivered via endogenous cell 
carriers such as neutrophils. This strategy enhances delivery to injured renal microenvironments, where oxidative stress is 
most pronounced, thereby increasing local therapeutic efficacy while reducing off-target effects.95 Finally, favorable 
safety profiles in rodent models provide encouraging support for further preclinical development and eventual clinical 
trials. This conclusion is supported by unchanged serum biochemical markers and the absence of histological damage in 
major organs at therapeutic doses.95
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Nanomaterials in Crystal Dissolution and Stone Fragmentation Technology
If conventional stone fragmentation technologies address the problem of how to break existing stones, the major appeal 
of nano-mediated photothermal and photodynamic strategies lies in their ability to reconstruct energy deposition from 
whole-tissue exposure to targeted release at the material interface (Table 2).25,98 In principle, this approach may preserve 
fragmentation efficiency while minimizing thermal injury to the surrounding urinary tract epithelium and renal parench
yma. This concept is particularly relevant in the current clinical era of laser lithotripsy dominated by thulium fiber laser 
(TFL) systems.99–101 Although these modern platforms have markedly improved lithotripsy efficiency, thermal accumu
lation, local temperature elevation, and potential urinary tract mucosal injury remain central concerns in the optimization 
of treatment parameters.100,102–104

Figure 4 Schematic illustration of the mechanism by which NM@CPBzyme ameliorates CaOx crystal-induced kidney injury. Calcium oxalate (CaOx) crystals activate 
neutrophils and trigger the formation of neutrophil extracellular traps (NETs), accompanied by plasma membrane rupture, release of extracellular DNA and histones, and 
neutrophil death. In parallel, CaOx crystals induce oxidative stress and mitochondrial damage in tubular epithelial cells (TECs), thereby promoting NLRP3 inflammasome 
assembly, gasdermin D (GSDMD) pore formation, pyroptosis, and IL-1β release. These events further amplify inflammatory cytokine secretion and aggravate renal cell injury. 
NM@CPBzyme suppresses crystal-induced oxidative stress, inhibits NET formation and histone H3 release from neutrophils, attenuates mitochondrial injury and NLRP3 
inflammasome activation in TECs, and consequently reduces pyroptosis and inflammatory amplification, ultimately alleviating CaOx crystal-induced kidney injury. Adapted 
from,95 Copyright © 2026 by authors.
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At the material level, the rationale of nanothermal platforms is not simply to replace lasers with nanoparticles. Rather, 
it is to exploit the strong near-infrared absorption, surface plasmon or nonradiative transition behavior, and interfacial 
thermoacoustic coupling properties of carbon-based, gold-based, or Prussian blue-based nanomaterials. In this way, low- 
power and non-contact near-infrared irradiation can be converted into localized thermal stress and photoacoustic or 
mechanical stress at the stone surface. As a result, the fragmentation process shifts from conventional high-energy bulk 
destruction toward selective destabilization at the stone-particle interface.25,105,106 The most representative experimental 
evidence for this approach comes from the photonic lithotripsy study by Houlihan et al, published in Nano Letters. In that 
study, the authors used photonic nanomaterials, including fullerene, carbon nanotubes, graphene, gold nanoshells, and 
gold nanorods, to coat human kidney stones. Under non-contact excitation with a near-infrared laser operating at less 
than 5 W and positioned at least 10 mm from the stone surface, common stone types, including calcium oxalate 
monohydrate, calcium oxalate dihydrate, calcium phosphate, and uric acid stones, were effectively fragmented. These 
findings indicate that the size, morphology, and optical properties of the nanomaterials directly influence fragmentation 
efficiency. This low-power, non-contact mode is conceptually distinct from conventional high-power endoscopic laser 
systems (Figure 5).25

More importantly, this study went beyond a purely phenomenological observation of stone cracking. By combining 
Fourier transform infrared spectroscopy, scanning electron microscopy, and micro-computed tomography, the authors 
documented surface reconstruction, crack propagation, and the conversion of calcium oxalate into calcium carbonate-like 
thermal degradation products after treatment.25,107 These findings indicate that the effects triggered by nanoparticle 
activation under near-infrared irradiation are not limited to simple heat release. Instead, they reflect a materials-level 

Table 2 Comparison Between Nano-Enhanced Photothermal Lithotripsy and Traditional Laser Lithotripsy

Aspect Nano-Enhanced Photothermal Lithotripsy Traditional Laser Lithotripsy

Technology Near-infrared laser activated nanoparticles (eg., gold, CeO2) High-energy laser (eg., Ho:YAG laser)

Mechanism of 

Action

Nanoparticles absorb NIR laser, converting light to heat and 

mechanical energy to break stones

Direct laser energy is applied to break stones via high heat

Energy 

Requirement

Low energy (≤ 5 W) in non-contact mode High energy (10–20 W), direct contact with stone

Treatment Area Non-contact, with nanoparticles enhancing laser effect at the 
stone surface

Direct contact with stone, localized energy application

Stone Types Effective for a variety of stone compositions, including COM, 
COD, and CaP stones

Primarily effective for softer stones, including CaOx

Surrounding 
Tissue Damage

Minimal, due to low energy use and non-contact mode Risk of thermal damage to surrounding soft tissues

Treatment Time Shorter treatment time (minutes), effective in 7–9 minutes 
for fragmentation

Longer treatment time, usually 15–30 minutes depending on 
stone size

Efficiency High fragmentation efficiency with nanoparticle surface 
modifications enhancing the process

High energy can cause fragmentation, but may require longer 
treatment times for harder stones

Clinical 
Application 

Potential

Emerging as a non-invasive alternative, with promising results 
in preclinical and animal models

Widely used, but invasive and may require anesthesia or 
endoscopic assistance

Cost & 

Accessibility

Still under experimental development, may require more 

specialized equipment

Established in clinical practice, widely available with lower 

initial cost

Safety Profile Proven to reduce oxidative stress and cell damage, minimal 

side effects in preclinical models

Potential for thermal injury to nearby tissues, possible 

complications
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failure process involving both thermal and photoacoustic or thermomechanical effects. This mechanism shifts stone 
fragmentation from macroscopic cracking toward an interfacial energy-transfer process that can, in principle, be 
engineered and controlled.25,98 Subsequent proof-of-concept research in urolithiasis moved this strategy closer to 
translational application. In an in vitro human stone model, treatment with 785 nm or 1320 nm near-infrared irradiation 
in combination with different carbon-based or gold-based nanoparticles achieved fragmentation rates of at least 70% in 
most groups, with the exception of the gold nanoparticle plus 1320 nm combination. Under 785 nm irradiation, most 
stones fragmented within the first 3 minutes.98 In contrast, the control group did not undergo fragmentation when 
exposed to the same irradiation conditions without nanoparticles. This result directly demonstrates that the activated 
nanomaterials, rather than the laser alone, were primarily responsible for the fragmentation effect.98 The study also used 
micro-computed tomography to quantify the increase in stone surface area and the decrease in mean Hounsfield units 
after treatment. The authors further proposed that, because the selected wavelengths exhibit relatively low water 
absorption, a lower thermal burden may theoretically be achieved through surface activation within a limited tissue 
depth. These findings provide a conceptual and technical basis for the future development of minimally invasive, or even 
extracorporeal, strategies for targeted activation of stone fragmentation. However, substantial challenges remain, includ
ing efficient particle delivery, specific adhesion to the stone surface, and reliable in vivo imaging guidance.21,98 For 
instance, Ye et al advanced the concept of material-enabled lithotripsy to a new stage characterized by simultaneous 
modulation of the post-lithotripsy microenvironment. Specifically, the authors developed a hollow Prussian blue (HPB) 
nanozyme that used stable photothermal conversion under low-power 808 nm near-infrared irradiation to promote surface 
stone fragmentation, while its superoxide dismutase-, catalase-, and peroxidase-like activities enabled efficient ROS 
scavenging. In a calcium oxalate crystal-related renal injury model, this platform reduced oxidative stress in the renal 
tubular epithelium, downregulated crystal-adhesion and kidney injury-related proteins, and caused no significant renal 
tissue damage in animal experiments. These findings suggest that the next generation of lithotripsy nanomaterials should 
not focus solely on stone fragmentation, but should also reduce stone-related tissue injury and inhibit redeposition. These 
capabilities are particularly important because they directly address factors associated with recurrence risk (Figure 6).106

From this perspective, material selection is itself a major determinant of both efficacy and safety. Carbon-based 
nanomaterials offer strong near-infrared absorption together with high design flexibility, whereas gold-based nanomater
ials achieve efficient energy conversion through tunable localized surface plasmon resonance. Prussian blue-based 
nanomaterials combine favorable biocompatibility, photothermal performance, and enzyme-mimetic antioxidant capacity. 
Accordingly, the key distinctions among lithotripsy platforms will increasingly depend on which material mediates heat 

Figure 5 Schematic illustration of photonic nanomaterial-assisted lithotripsy for kidney stone fragmentation. Photonic nanoparticles accumulate within the kidney stone 
matrix and are activated by near-infrared (NIR) laser irradiation. Upon stimulation, these nanomaterials generate localized photothermal and photoacoustic effects, leading 
to efficient disruption of the stone structure and its fragmentation into smaller debris. This strategy highlights the potential of photonic nanomaterials as a minimally invasive 
platform for enhanced stone comminution. Adapted from,25 Copyright © 2023 by authors.
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generation, whether it exhibits affinity for the stone surface, and whether it provides antioxidant or anti-adhesion 
functions, rather than on laser power alone.25,105,106

Regarding photodynamic therapy (PDT), current evidence indicates that original research on its direct use for kidney 
stone fragmentation remains far more limited than that for photothermal approaches. At present, PDT remains largely at 
the stage of theoretical feasibility and cross-disciplinary extrapolation. Its basic mechanism involves the use of photo
sensitizers that generate reactive oxygen species under excitation at specific wavelengths, thereby inducing localized 
oxidative damage. Nanocarriers can improve the stability, local accumulation, and photoresponsiveness of photosensi
tizers. However, the highly mineralized structure of kidney stones, together with limited oxygen diffusion within their 
inorganic and organic composite core, creates major barriers to direct PDT-based fragmentation. In particular, the short 
effective radius of ROS, limited tissue penetration depth, and insufficiently efficient anchoring to the stone surface 
remain key constraints. Therefore, in the context of kidney stones, PDT is currently more likely to be used for inhibiting 
infectious biofilms, modulating post-fragmentation local inflammation, or enhancing interfacial damage in combination 
with photothermal therapy (PTT), rather than serving as a mature standalone technology for lithotripsy.21,105 This also 
means that its clinical translation pathway must be developed in conjunction with existing laser platforms rather than in 
isolation from current clinical practice. On the one hand, TFL has shown higher stone-free rates and lower intraoperative 
complication rates than Ho:YAG for some endpoints, although its thermal safety window remains highly dependent on 
power, frequency, irrigation, and intracavitary space. On the other hand, nano-mediated photothermal lithotripsy is 
valuable because it may enable selective interfacial destruction under lower total power and non-contact conditions, 
thereby reducing thermal accumulation and mechanical displacement. This material-based lowering of the energy 
threshold may prove more transformative than simply iterating laser hardware.100,103

However, it should be acknowledged that nano-mediated photothermal and photodynamic lithotripsy remains largely 
at the stage of in vitro human stone experiments and early animal studies. Before clinical application can be achieved, 
several major barriers must still be overcome, including in vivo delivery efficiency, biological clearance of particles, 
long-term safety, intraoperative visualization, regulatory consistency, and validation in large-animal and prospective 
clinical studies. Nevertheless, this field is particularly promising because it elevates stone fragmentation from a purely 
energetic problem to a coupled regulatory process involving material, light, stone, and tissue interactions. For this reason, 
it is expected to become one of the most promising frontiers for the future noninvasive or minimally invasive treatment 
of kidney stones.21,98,106

Figure 6 Schematic diagram illustrating the mechanism by which HPB relieves oxidative stress and mediates photonic lithotripsy. Following near-infrared (NIR) laser 
irradiation, HPB associated with renal calculi generates a photothermal effect that promotes stone fragmentation into smaller debris. Meanwhile, HPB exerts antioxidant 
activity by scavenging reactive oxygen species (ROS) and catalytically modulating redox-related species, thereby alleviating oxidative stress-induced cellular injury. This 
protective effect is accompanied by reduced expression of stone injury- and adhesion-related markers, including osteopontin (OPN), CD44, and kidney injury molecule-1 
(Kim-1), as well as enhanced antioxidant enzyme activity, such as superoxide dismutase (SOD) and catalase (CAT). Through the combined effects of photonic lithotripsy and 
microenvironmental protection, HPB contributes to both stone clearance and attenuation of renal injury. Adapted from,106 Copyright © 2025 by authors.
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Targeted Biomimetic Cell Membrane Nanotechnology in Stone Treatment
Rather than attributing the bottleneck in kidney stone therapy simply to a lack of drugs, a more fundamental challenge is 
that therapeutic agents often fail to cross the complex renal hemodynamics, filtration barriers, and inflammatory 
microenvironment to reach the actual lesions requiring intervention, namely crystal deposits and the surrounding injured 
renal tubules. Therefore, biomimetic nanotechnology based on cell membrane engineering deserves separate discussion 
because it advances nanomaterial delivery from passive distribution to active homing through natural cellular recognition 
programs. This concept is consistent with the contemporary view that kidney stones are not merely a mechanical 
disorder, but a coupled pathological process involving crystals, epithelial injury, and immune responses 
(Table 3).104,108–110

Cell membrane-coated nanoparticles (CMNPs) do not simply provide a shell for the nanocore. Instead, by retaining 
adhesion molecules, chemokine receptors, and immune regulatory proteins from the source cell membrane, they endow 
the material with immune evasion, inflammatory homing, prolonged circulation, and lesion-specific recognition. In 
urological diseases, such platforms have been systematically reviewed for applications in tumors, inflammation, and 
acute kidney injury. Their core value lies in using natural membrane proteins to shift traditional nanodrug delivery from 

Table 3 Biomimetic/Cell Membrane-Inspired Nanotechnology for Calcium Oxalate Stone-Associated Kidney Injury and Targeted 
Intervention

Nanoplatform/ 
Material 
Design

Biomimetic or 
Targeting 
Element

Experimental 
Model

Main Mechanism(s) Key Findings Translational 
Relevance

Ref.

Hollow 

mesoporous 
manganese 

dioxide 

nanoparticles 
loaded with 

Mcc950 

(KM@M@M)

M2 macrophage 

membrane 
coating plus Kim- 

1-targeting 

peptide for 
injured renal 

tubules

In vitro renal 

tubular epithelial 
cell experiments 

and in vivo 

CaOx-induced 
kidney injury/ 

nephrocalcinosis 

model

ROS scavenging by 

MnO2 core; targeted 
delivery of NLRP3 

inhibitor; suppression 

of NLRP3/GSDMD- 
mediated pyroptosis

KM@M@M reduced 

ROS, downregulated 
gasdermin D cleavage 

and inflammatory 

cytokine production, 
inhibited pyroptosis, 

and attenuated CaOx- 

induced kidney injury; 
the study explicitly 

states that targeted 

delivery reduced 
systemic toxicity 

relative to traditional 

drugs

Represents the most 

direct recent example 
of cell membrane- 

coated nanotherapy for 

CaOx stone-associated 
kidney injury, 

integrating biomimetic 

homing, tubular injury 
targeting, antioxidant 

activity, and anti- 

inflammatory drug 
delivery in one 

platform

[81]

Resatorvid 

(TAK-242)- 
loaded cerium 

oxide 

nanoparticles 
with ROS 

responsiveness 

(RBCM@CeO2/ 
TAK-242)

Red blood cell 

membrane 
coating for 

biomimetic 

stabilization and 
injured-kidney 

targeting

In vitro renal 

tubular epithelial 
cell assays and 

glyoxalate- 

induced renal 
CaOx crystal 

mouse model

Nanozyme-mediated 

ROS scavenging; anti- 
inflammatory drug 

delivery; suppression 

of TLR4/NF-kB 
signaling; modulation 

of M1 macrophage 

polarization

RBCM@CeO2/TAK- 

242 showed effective 
tubular cell 

internalization, 

antioxidative and anti- 
inflammatory activity, 

macrophage 

reprogramming effects, 
good biosafety, 

excellent injured- 

kidney targeting, and 
reduced CaOx crystal 

deposition in vivo

Demonstrates that 

membrane-biomimetic 
nanozymes can move 

beyond passive 

antioxidation toward 
microenvironment 

remodeling plus 

targeted delivery, 
which is highly relevant 

for recurrent stone 

disease

[54]

(Continued)
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simple renal accumulation toward precise localization within injured nephrons or inflammatory sites.109,110 In kidney 
stone research, original studies published over the past five years that directly address cell membrane-engineered targeted 
delivery for stone-related lesions remain limited. Nevertheless, the field has begun to progress from proof-of-concept 
investigations toward precise designs guided by pathological mechanisms. Moreover, Ba et al reported an engineered M2 
macrophage membrane-coated hollow mesoporous manganese dioxide nanoparticle, designated KM@M@M. A KIM- 
1-targeting peptide was further introduced onto the membrane surface to enhance recognition of and accumulation in 
renal tubules injured by calcium oxalate (CaOx) crystals. The materials design of this platform is highly rational. The 
macrophage membrane provides inflammatory homing and biocompatibility, the KIM-1 peptide enables secondary 
targeting of injured renal tubules, the MnO2 core scavenges ROS, and the loaded NLRP3 inhibitor MCC950 directly 
interrupts pro-inflammatory and pyroptotic signaling after crystal injury. Together, these elements create a triple- 
synergistic strategy integrating membrane targeting, nanozyme-like antioxidant activity, and drug delivery.81

In vitro and in vivo experiments further demonstrated that this biomimetic material does more than reduce 
inflammatory markers. It inhibits NLRP3 inflammasome activation, decreases gasdermin D cleavage and inflammatory 
cytokine release in renal tubular epithelial cells, and ultimately suppresses pyroptosis while alleviating CaOx-related 
renal injury. Notably, the authors emphasized that kidney-targeted delivery reduced the toxicity risk associated with 
systemic exposure to conventional small molecules. This point is particularly important for future long-term prevention 
and repeated treatment of kidney stones, because the management of recurrent stones requires therapeutic platforms that 
balance safety, reproducibility, and efficacy.81 Consistent with this concept, He et al developed ROS-responsive red blood 
cell membrane-coated cerium oxide biomimetic nanoparticles, termed RBCM@CeO2/TAK-242. In this design, cerium 

Table 3 (Continued). 

Nanoplatform/ 
Material 
Design

Biomimetic or 
Targeting 
Element

Experimental 
Model

Main Mechanism(s) Key Findings Translational 
Relevance

Ref.

Porous nanorod 

cerium oxide 

nanoparticles 
(CNPs)

No membrane 

coating; included 

here as 
a materials/ 

mechanistic 

precursor to 
later biomimetic 

CeO2 systems

In vitro oxalate- 

injured renal 

epithelial cells 
and in vivo rat 

hyperoxaluria/ 

CaOx deposition 
model

Reversible Ce3+/Ce4+ 

redox cycling enables 

free-radical scavenging; 
reversal of oxidative 

stress damage; 

inhibition of crystal 
adhesion-related 

responses

CNPs reduced ROS, 

restored mitochondrial 

membrane potential, 
recovered cell-cycle 

progression, reduced 

cell death, inhibited 
CaOx crystal 

formation on the cell 

surface, reduced renal 
tubular injury, and 

decreased CaOx 

deposition without 
major side effects 

in vivo

Provides a strong 

material basis for why 

CeO2-based 
biomimetic 

nanoparticles are 

attractive in the stone 
field: the core particle 

itself is active, and 

membrane engineering 
can further improve 

biodistribution and 

targeting

[52]

Not 

a therapeutic 

nanoplatform; 
systematic 

review of 

macrophage 
biology in CaOx 

stone formation

Mechanistic 

biological 

rationale for 
membrane- 

inspired 

strategies

Systematic 

review of studies 

on macrophages 
and urolithiasis/ 

CaOx stones

Distinguishes pro- 

inflammatory versus 

crystal-clearing 
macrophage functions; 

supports immune- 

targeted intervention 
logic

The review concludes 

that renal/peripheral 

macrophages are 
deeply involved in 

crystal development 

and suppression, 
providing a conceptual 

basis for 

immunomodulatory 
and macrophage- 

related targeting 

strategies

Although not 

a nanomedicine 

experiment, this paper 
is highly valuable for 

explaining why 

macrophage 
membrane-based 

targeting is biologically 

rational in CaOx stone 
disease

[108]
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oxide nanozyme served as the antioxidant core, TAK-242 was loaded as a TLR4 inhibitor, and the red blood cell 
membrane was used to improve circulatory stability and biosafety. The results showed that this platform was efficiently 
taken up by renal tubular epithelial cells and also exhibited effective targeting to injured kidneys in a glyoxylate-induced 
CaOx crystal mouse model. Moreover, it significantly suppressed oxidative stress and M1 macrophage polarization, 
downregulated the TLR4/NF-κB pathway, and ultimately reduced crystal deposition. These findings suggest that the true 
advantage of biomimetic nanodelivery in stone therapy lies not merely in transporting drugs to the lesion, but also in 
actively regulating the crystal-related immune microenvironment through the properties of the material itself.54

From a pathological perspective, this design strategy is not incidental. Systematic reviews have shown that M1 
macrophages are associated with amplification of inflammation and crystal-induced injury during CaOx stone formation, 
whereas M2 macrophages are more favorable for crystal phagocytosis and clearance. Therefore, drawing inspiration from 
macrophage membranes, or directly using macrophage-related biomimetic shells, essentially represents a form of reverse 
engineering in which the intrinsic immune tendencies of stone lesions are converted into drug-delivery tools. This 
concept is also one of the most innovative aspects of this field.108

In other words, the value of biomembrane-targeted nanotechnology in kidney stone disease is no longer limited to 
passive delivery of antioxidant agents to the kidney. Instead, it has begun to enable multilevel integration of lesion 
localization, inflammatory recognition, drug release, and microenvironment remodeling. On the one hand, membrane- 
coating structures improve the stability and biodistribution of nanoparticles in vivo. On the other hand, the biological 
properties of the source membrane facilitate retention within CaOx-induced injured renal tubules and inflammatory 
regions, thereby increasing local drug concentration and reducing systemic adverse effects.54,81,109,110 However, it should 
also be acknowledged that current research directly applying biomimetic cell membranes to stone localization remains 
more limited than work focused on stone-related kidney injury targeting. This difference indicates that the field is still in 
a transitional stage, moving from targeting damaged nephrons toward direct targeting of crystal or stone surfaces and the 
Randall plaque microenvironment. Existing studies are better suited to addressing oxidative stress, inflammation, and cell 
death caused by crystal deposition, but still lack sufficient in vivo evidence regarding direct adhesion to the stone core, 
duration of drug retention, and differential recognition among distinct stone components.54,81 Nevertheless, from 
a translational perspective, this direction still offers substantial clinical potential, because kidney stone management 
does not rely exclusively on surgery or metabolic intervention. If cell membrane-biomimetic carriers can eventually be 
integrated with near-infrared imaging, photothermal lithotripsy, or local anti-infective strategies, it may be possible to 
establish a therapeutic platform that combines lesion localization, treatment delivery, and efficacy monitoring. Similar 
biomimetic membrane-coated nanosystems have already achieved active accumulation and therapy under imaging 
guidance, including photoacoustic and magnetic resonance modalities, in other diseases. This suggests that the metho
dological foundation for such systems is already established, although scenario-specific adaptation is still required for 
kidney stone applications.111

The most pressing challenges for clinical translation include the source and batch-to-batch stability of cell mem
branes, preservation of membrane protein fidelity, scalable manufacturing, long-term immunological safety, and optimi
zation of particle size to balance renal filtration and retention in humans. It is also noteworthy that the SPAGOPIX-01 
clinical trial, which evaluated the human pharmacokinetics of the functional nanoparticle SN132D, suggests that renal 
filtration behavior in humans has clear size-dependent characteristics. Although this finding is not specific to kidney 
stones, it provides an important clinical reference for identifying the optimal design window for future biomimetic 
nanoplatforms, namely between being small enough to facilitate renal access and large enough to avoid rapid 
clearance.112

Therefore, based on the available evidence, the true innovation of biomimetic membrane-targeted nanotechnology in 
stone therapy lies not only in increasing the likelihood that drugs reach the lesion, but also in converting the natural 
recognition functions of cell membranes into an engineered materials strategy. In this way, precise delivery to injured 
renal tubules and crystal-related microenvironments becomes an experimentally testable objective. Although consider
able distance remains before clinical application, this direction has already shown practical potential for overcoming the 
limitations of traditional drug delivery while simultaneously addressing lesion localization and microenvironmental 
regulation.109–111
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In the preceding subsections, we have discussed the major therapeutic nanoplatforms currently being explored for 
kidney stone disease, including nanodrug delivery systems, antioxidant nanozymes, nano-enabled stone fragmentation 
strategies, and biomimetic targeting approaches. Collectively, these studies show that current research is moving beyond 
single-function proof-of-concept designs toward more integrated platforms capable of combining targeting, microenvir
onment modulation, and stone-directed intervention. At the same time, the field remains highly heterogeneous, as 
different nanoplatforms vary substantially in their material composition, targeting strategy, mechanism of action, 
translational maturity, and current limitations. Therefore, for both the manuscript and the field itself, a structured cross- 
comparison is needed to clarify the overall technical landscape, identify the relative strengths and weaknesses of 
representative platforms, and better highlight the key opportunities and barriers for clinical translation. To address this 
need, we summarized the representative nanoplatforms discussed in Table 4, with comparison across material type, 
targeting strategy, primary mechanism, developmental stage, and major advantages and limitations. This table is intended 
to improve the logical integration of the section, increase information density, and provide readers with a more practical 
framework for understanding the current status and future direction of nanomaterial-based therapy in kidney stone 
disease.

Innovative Application of Nanomaterials in the Prevention of Kidney 
Stones
Nanomaterials as Early Diagnostic Tools
In kidney stone prevention, clinical outcomes are often determined not by whether stones can be detected after they have 
formed, but by whether quantifiable risk signals such as oxalate, calcium ions, and uric acid can be identified in urine 
before crystals nucleate, aggregate, and adhere to the renal tubular epithelium. This is clinically important because 
calcium oxalate remains the predominant component of kidney stones, and hypercalciuria is one of the most important 
metabolic risk factors for recurrent calcium stone disease. Therefore, early screening for metabolic abnormalities 
represents a critical intervention point between primary and secondary prevention.114–116

In this context, nanomaterials offer several unique advantages, including high specific surface area, tunable surface 
functional groups, efficient electronic and optical transduction, and the ability to construct multilevel signal-amplification 
interfaces. These properties make it possible to convert analytes such as oxalate, which are highly susceptible to matrix 
interference, large concentration fluctuations, and short detection windows in routine urinalysis, into faster, more 
sensitive, and potentially visualized readout signals (Table 5).114,121 A representative recent example is the urinary 
oxalate detection platform developed by Jiang et al, which was based on a three-fluorescence sensing system composed 
of pyrophosphate-cerium coordination polymer networks (PPI-Ce CPNs), CdTe quantum dots, and N-methyl mesopor
phyrin. The underlying mechanism relies on oxalate-mediated reduction of Cu2+ to Cu+, followed by selective recogni
tion of Cu2+ and Cu+ by different nano- and supramolecular fluorescence reporter units. This design enables 
multichannel, cross-validated signal output. This system provided a detection range of 100 nM to 1 mM, and the analysis 
could be completed within 6 minutes. The limits of detection for the three reporting channels were 25 nM, 10 nM, and 40 
nM, respectively. The platform was further validated in 44 clinical urine samples and showed results consistent with 
clinical diagnosis and imaging findings. This multichannel mutual-verification strategy is particularly suitable for 
complex urine matrices, in which the risks of false-positive and false-negative results are relatively high.118 Building 
on this concept, Chen et al combined a competitive recognition strategy with distance-based test-strip readout to develop 
a dual-fluorescence, binary-visualization nanodetection system based on calcein and CdTe quantum dots. This method 
also relies on the selective chemical conversion of Cu2+ to Cu+ induced by oxalate, but places greater emphasis on 
translating laboratory-based instrumental analysis into point-of-care testing (POCT). It enabled high-sensitivity detection 
over a range of 10 pM to 10 nM within 3 minutes, and the inkjet-printed visual test strip could detect oxalate 
concentrations as low as 10 nM. In 66 clinical urine samples, including healthy controls as well as oxalate-negative 
and oxalate-positive individuals, this system showed significant improvement over conventional methods. Its high 
consistency with computed tomography findings and clinical diagnosis suggests that nanoprobes are no longer limited 
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Table 4 Cross-Comparison of Representative Nanoplatforms for Kidney Stone Diagnosis and Treatment

Representative 
Platform

Material Type Targeting/ 
Delivery 
Strategy

Primary 
Mechanism

Current 
Research 
Stage

Key Advantages Key Limitations Ref.

VS2 nanoflower 

oxalate sensor

2D inorganic 

nanomaterial- 
based 

electrochemical 

sensor

No tissue 

targeting; 
direct 

analytical 

detection of 
oxalic acid on 

modified 

electrode

Electrocatalytic 

amplification for 
urinary oxalate 

detection

In vitro + 

analytical 
validation

High sensitivity, 

low detection limit, 
rapid readout, 

useful for early risk 

monitoring

Not a therapeutic 

platform; clinical 
validation in stone 

cohorts still 

limited

[113]

Carbon  

dots–MnO2 

nanosheet 

fluorescent 

oxalate sensor

Carbon dots +  

MnO2 

nanosheet 

nanocomposite

Urine-sample- 

based 
detection

Oxalate reduces  

MnO2, restoring 
fluorescence of 

carbon dots

Clinical 

urine 
sample 

validation

Rapid, low-cost, 

relatively easy 
translation to 

point-of-care 

testing; tested in 
urine from 

urolithiasis patients

Diagnostic only; 

does not address 
treatment or 

recurrence biology 

directly

[26]

VCAM-1-targeted 

celastrol 
phospholipid lipid 

nanoparticles 

(PC-PLNs)

Lipid-based 

nanoparticles / 
phospholipid 

nanocarrier

Active 

vascular/injury 
targeting via 

VCAM-1 

peptide; 
systemic 

administration

Improved renal 

delivery of anti- 
inflammatory 

cargo and reduced 

systemic toxicity

Cell + 

animal 
(kidney 

disease 

precedent, 
not stone- 

specific)

Strong 

translational 
precedent, scalable 

carrier class, good 

biocompatibility, 
improves exposure 

of poorly soluble 

drugs

Evidence comes 

from CKD rather 
than stone-specific 

models; stone- 

surface targeting 
not demonstrated

[88]

Layer-by-layer 

renal-targeted 
polymeric 

nanoparticles 

(HA-KTP/PLGA- 
siArg2)

Polymeric 

nanoparticles 
(PLGA core 

with chitosan/ 

HA layers)

Renal-targeting 

peptide- 
mediated 

proximal 

tubular 
targeting; 

systemic 

administration

siRNA delivery 

with tubular 
accumulation and 

mitochondrial 

protection

Cell + 

animal 
(kidney 

injury 

precedent, 
not stone- 

specific)

Highly 

programmable, 
supports nucleic 

acid delivery, 

tunable surface 
chemistry, good 

platform flexibility

Still preclinical; 

kidney-disease 
evidence is 

indirect for stone 

therapy

[93]

CIT-PAH 

supramolecular 
nanoparticles

Supramolecular 

citrate/poly 
(allylamine 

hydrochloride) 

nanoparticles

Local chemical 

interaction 
with CaOx 

nanocrystals; 

no 
demonstrated 

in vivo 

targeting

Citrate delivery + 

oxalate interaction 
to destabilize/ 

dissolve CaOx 

nanocrystals

In vitro / 

artificial 
urine

One of the few 

platforms aimed at 
direct CaOx 

nanocrystal 

dissolution; 
mechanism is 

highly relevant to 

early crystallization

No animal or 

clinical validation; 
retention, delivery 

route, and 

biosafety still 
unclear

[45]

Porous nanorod  

CeO2 nanozyme 
(CNPs)

Inorganic 

nanozyme

Passive renal 

exposure in 
hyperoxaluria/ 

CaOx models

ROS scavenging, 

protection of 
tubular cells, 

reduction of 

adhesion-related 
responses and 

crystal deposition

Cell + 

animal 
(stone- 

specific)

Strong mechanistic 

rationale, direct 
relevance to CaOx 

injury, reduced 

crystal deposition 
in vivo

Long-term 

biosafety, 
clearance, dose 

window, and 

human translation 
remain unresolved

[52]

(Continued)
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to achieving lower detection limits in analytical chemistry. Instead, they are approaching practical clinical applications in 
outpatient risk stratification, home-based monitoring, and recurrence warning.119

The clinical significance of this trend lies in the fact that, although conventional imaging remains the cornerstone of 
stone diagnosis, it is not well suited for identifying very early crystallization, metabolism-driven high-risk individuals, or 
pre-recurrence states. By contrast, nanomaterial-based electrochemical and fluorescence sensing platforms can shift the 
diagnostic focus from already formed macroscopic stones to ongoing urinary stone-related chemistry. This shift may 
provide an earlier basis for decisions regarding dietary intervention, fluid management, citrate therapy, thiazide treatment, 

Table 4 (Continued). 

Representative 
Platform

Material Type Targeting/ 
Delivery 
Strategy

Primary 
Mechanism

Current 
Research 
Stage

Key Advantages Key Limitations Ref.

MOF-818 

nanozyme

Metal-organic 

framework 

(MOF)-based 
nanozyme

Renal 

exposure in 

oxalate/CaOx 
injury models

Antioxidant and 

anti-inflammatory 

microenvironment 
modulation; 

reduces CaOx 

deposition

Cell + 

animal 

(stone- 
specific)

Multifunctional 

catalytic platform; 

integrates 
microenvironment 

regulation with 

anti-stone effects

Preclinical only; 

manufacturing 

reproducibility and 
long-term safety 

require 

clarification

[53]

RBCM@CeO2/ 

TAK-242 
biomimetic 

nanoparticles

Red-blood-cell- 

membrane- 
coated 

biomimetic 

nanozyme/drug 
carrier

Injured-kidney 

targeting via 
membrane 

camouflage + 

ROS- 
responsive 

delivery; 

systemic 
administration

ROS scavenging + 

TLR4 inhibition + 
macrophage 

polarization 

modulation

Cell + 

animal 
(stone- 

specific)

Combines 

targeting, anti- 
inflammatory 

therapy, and 

nanozyme activity; 
improved biosafety 

and renal 

accumulation

Structural 

complexity, 
manufacturing 

consistency, 

membrane-source 
standardization, 

and translation 

cost are major 
barriers

[54]

KM@M@M 
macrophage 

membrane- 

coated 
nanoparticles

M2 macrophage 
membrane- 

coated hollow 

mesoporous  
MnO2 

nanoparticles 

loaded with 
MCC950

Dual targeting: 
macrophage 

membrane 

homing + KIM- 
1 peptide for 

injured tubules

ROS scavenging + 
NLRP3/GSDMD 

pyroptosis 

inhibition

Cell + 
animal 

(stone- 

specific)

Highly disease- 
oriented design; 

integrates 

inflammation 
targeting, tubular 

injury targeting, 

and drug delivery

Technically 
sophisticated; 

batch 

reproducibility and 
large-scale 

preparation may 

be difficult

[81]

Photonic 
lithotripsy using 

carbon/gold 

nanomaterials

Carbon-based 
and gold-based 

photonic 

nanomaterials

Local stone- 
surface coating 

+ external NIR 

activation

Photothermal/ 
photoacoustic 

energy transfer for 

stone 
comminution

Ex vivo 
human 

stones / 

in vitro 
proof-of- 

concept

Distinct from 
systemic drugs; 

low-power, non- 

contact potential; 
relevant to 

multiple stone 

compositions

No in vivo human 
validation yet; 

particle delivery to 

stone surface and 
procedural 

integration remain 

unresolved

[25]

Follow-up proof- 

of-concept 
photonic 

lithotripsy study

Carbon/gold 

nanoparticle- 
assisted NIR 

lithotripsy

Local stone 

coating + NIR 
activation

Nanoparticle- 

enabled 
fragmentation of 

CaOx 
monohydrate 

stones

In vitro / 

proof-of- 
concept

Helps bridge 

mechanistic 
concept toward 

translational 
testing; directly 

relevant to CaOx 

stones

Still far from 

clinical use; no 
long-term tissue- 

safety or operative 
workflow data

[98]
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Table 5 Representative Nanomaterial-Based Early Diagnostic Tools for Kidney Stone-Related Oxalate Detection

Nanomaterial/Sensing 
Platform

Target 
Analyte 
and 
Sample

Detection Principle Analytical 
Performance

Clinical Validation Main Significance 
for Early Diagnosis

Ref.

CdTe quantum dots 
(QDs)-based 

homogeneous fluorescent/ 

visual sensor

Urinary 
oxalate in 

clinical 

samples 
from 

patients 

with 
urolithiasis

Oxalate reduces Cu2 
+ to Cu+, which is 

selectively recognized 

by CdTe QDs, 
producing 

fluorescence/visual 

readout

Detection range: 
0.1 μM–10 mM; 

turnaround 

time: 6 min; 
naked-eye visual 

detection down 

to 10 μM

Tested in 53 clinical 
samples; reported 

100% sensitivity and 

specificity for calcium 
oxalate urolithiasis 

versus clinical 

diagnosis, including 
hematuria samples

One of the earliest 
clinically oriented 

nanomaterial-based 

assays showing that 
quantum-dot sensing 

can translate urinary 

oxalate into rapid 
metabolic screening 

information, rather 

than relying only on 
imaging-based stone 

confirmation

[117]

Three-fluorescence sensor 

integrating PPi-Ce 
coordination polymeric 

networks (PPi-Ce CPNs), 

CdTe QDs, and N-methyl 
mesoporphyrin (NMM)

Urinary 

oxalate

Multi-signal 

fluorescence strategy 
based on oxalate- 

mediated reduction of 

Cu2+ to Cu+; 
different reporters 

selectively respond to 

Cu2+/Cu+ for cross- 
validated signal output

Detection range: 

100 nM–1 mM; 
assay time: 

6 min; LODs: 25 

nM (PPi-Ce 
CPNs), 10 nM 

(QDs), 40 nM 

(NMM)

Applied to 44 urine 

samples (32 CaOx 
stone patients, 12 

controls) and an 

additional 8 urine 
samples in visual 

mode; results were 

consistent with clinical 
diagnosis and imaging

Demonstrates that 

multi-reporter 
nanomaterial systems 

can improve 

robustness and reduce 
matrix interference, 

which is important for 

early metabolic 
assessment in 

complex urine 

samples

[118]

Dual-fluorescence and 

binary visual POCT system 
using calcein + CdTe QDs, 

with inkjet-printed test 

strips

Urinary 

oxalate

Oxalate reduces Cu2 

+ to Cu+; competitive 
recognition by calcein 

and CdTe QDs 

generates 
fluorescence and 

strip-distance visual 

outputs

Sensitivity range: 

10 pM–10 nM 
within 3 min; 

strip-based 

visual 
identification 

down to 10 nM

Evaluated in 66 clinical 

urine samples 
(11 healthy, 10 

oxalate-negative, 45 

oxalate-positive); 
fluorescence and 

visual readouts were 

highly consistent with 
CT images and clinical 

diagnostics

A key step toward 

point-of-care testing 
(POCT) for stone-risk 

stratification, showing 

that nanoprobes can 
support fast, low- 

infrastructure urinary 

screening before 
overt stone burden 

becomes radiologically 

obvious

[119]

Solid 

electrochemiluminescence 
(ECL) sensor based on 

Ru(bpy)32+ immobilized in 

bipolar silica nanochannel 
array film (bp-SNA) on 

ITO

Oxalate 

ions in 
serum and 

urine

Oxalate acts as a co- 

reactant for Ru(bpy)32 

+; bipolar silica 

nanochannels enrich 

oxalate 
electrostatically and 

stabilize the emitter 

for highly sensitive 
ECL detection

Linear ranges: 1 

nM–25 μM and 
25 μM–1 mM; 

LOD: 0.8 nM; 

high selectivity 
and stability 

reported

Demonstrated 

applicability in serum 
and urine samples

Extends nanomaterial- 

enabled oxalate 
sensing beyond 

fluorescence into 

solid-state ECL, which 
may favor future 

integration with 

compact analytical 
devices and multiplex 

metabolic monitoring

[120]

https://doi.org/10.2147/IJN.S610906                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2026:21 24

Zuo et al                                                                                                                                                                             

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



and close follow-up of patients with primary hyperoxaluria or hypercalciuria.116,121 It is also important to note that the 
ideal targets of early diagnostic tools should not be limited to oxalate alone. Clinical studies have shown that elevated 
fasting urinary calcium-to-creatinine ratios and dynamic changes after calcium loading also have value for etiological 
stratification. This observation suggests a promising direction for next-generation nanodiagnostic platforms. Such 
systems may integrate oxalate, calcium ions, uric acid, citrate, and even crystal-related proteins into a multiplex detection 
chip, thereby generating a urinary nanofingerprint map that more closely reflects the actual pathological process of stone 
risk.116,121

At the same time, despite substantial progress in high-sensitivity detection, several key barriers must still be 
overcome before clinical translation can be achieved. These include protein contamination and sensor fouling in complex 
urine samples, batch-to-batch consistency in nanomaterial synthesis, long-term storage stability, inter-center compar
ability of results, and the transition from small case-control validation studies to prospective, multicenter clinical 
evidence focused on recurrence prediction endpoints. In other words, the greatest value of nanomaterials in early kidney 
stone screening lies not only in lowering detection limits, but also in their ability to reliably translate molecular events 
into clinically interpretable, reproducible, and actionable risk information.114,121 Therefore, based on current evidence, 
nanosensors and nanoprobes have shifted the diagnostic time window for kidney stone prevention from the stage of 
visible imaging to the stage of metabolic abnormality. This advance represents one of the most practical and precise 
innovations for reducing stone formation and recurrence.118,121,122

Prevention Strategies Combining Nanomedicine with Lifestyle
Accordingly, the latest EAU updates on recurrence prevention, together with related reviews, regard sufficient fluid 
intake, appropriate calcium intake, restriction of sodium and excessive animal protein, and personalized metabolic 
correction guided by 24-hour urine monitoring as the cornerstone of secondary stone prevention. These guidelines 
also emphasize that patients at high risk of recurrence require more systematic metabolic assessment and targeted 
intervention.3,123

For patients with recurrent kidney stones, the most clinically translatable preventive strategy does not rely solely on 
a stronger drug or a stricter diet. Instead, it combines lifestyle interventions that reduce urinary supersaturation with 
nanomedicine that mitigates crystal adhesion, oxidative stress, and epithelial injury. In this way, the prevention window 
can be shifted forward to multiple nodes along the continuous pathological cascade from urinary chemical abnormalities 
to crystal formation and crystal retention.3,123,124

Based on the available evidence, the most direct entry point for understanding nanomedicine-lifestyle synergy is the 
redesign of delivery systems around citrate, a core molecule in lifestyle-based stone prevention. Supramolecular CIT- 
PAH nanoparticles developed by Gianvincenzo et al can both load and release citrate and promote the dissolution of 
CaOx nanocrystals through the strong interaction between poly(allylamine) and oxalate. WAXS, DLS, TEM, NMR, and 
confocal Raman analyses showed that this system not only disrupted the crystal structure of calcium oxalate in the 
aqueous phase but also maintained crystal-dissolution activity in artificial urine. These findings suggest that the future 
priority should not be a general emphasis on citrate supplementation alone. Instead, greater value may lie in developing 
nanocarriers that enable local citrate enrichment and sustained release in real urinary environments, thereby enhancing 
the effective exposure achieved by citrus-rich diets or other natural citrate-based interventions.45 This approach is 
important because the clinical and translational bottlenecks are already clear. The PUSH randomized trial showed that 
even with multicomponent adherence interventions, including smart water bottles, behavioral incentives, and health 
coaching, improved drinking behavior did not significantly reduce symptomatic stone recurrence. This finding suggests 
that simply asking patients to do more may be insufficient to overcome interindividual differences in urinary chemistry 
and thresholds for renal tubular injury.125 In contrast, a multicenter randomized controlled trial by Dissayabutra et al 
showed that a lime-based regimen rich in citrate and flavonoids reduced the 2-year recurrence rate from 45% to 14%, 
accompanied by decreases in urinary IL-8 and 24-hour urinary protein.126 These results further suggest that lifestyle- 
related molecules can be effective, but their clinical benefits depend strongly on local concentration, exposure duration, 
and the stability of their anti-inflammatory effects, which are precisely the parameters that nanodelivery may 
improve.125,126 Therefore, the most evidence-based interpretation of how nanomaterials may synergize with lifestyle 
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modification is that nanomedicine does not replace hydration or citrate-oriented diets. Rather, it may convert them from 
broad behavioral prescriptions into programmable local treatment platforms. For example, naturally derived citrate, 
flavonoids, polyphenols, or other anti-stone metabolites could be incorporated into nanosystems designed for renal 
accessibility, urinary release, and tunable surface chemistry, thereby reducing gastrointestinal degradation, increasing 
tubular exposure, and transforming fluctuating dietary signals into a more stable anti-crystallization 
microenvironment.22,45,84,126 Another strategy, more closely related to synergy with hydration, is not to use nanomater
ials to replace water intake or directly dilute urine. Instead, nanozymes or biomimetic nanoparticles may reduce the 
likelihood that CaOx supersaturation will translate into epithelial injury and crystal adhesion in patients who have 
difficulty maintaining an ideal urine volume over the long term. Deng et al reported that a porous nanorod-shaped CeO2 
nanozyme could scavenge excess free radicals through reversible Ce3+/Ce4+ cycling, thereby reducing oxidative damage 
in HK-2 cells and inhibiting renal CaOx deposition under hyperoxaluric conditions.52 He et al further developed ROS- 
responsive, RBC membrane-coated CeO2/TAK-242 biomimetic nanoparticles that simultaneously reduced oxidative 
stress and M1 macrophage polarization in a CaOx model, thereby decreasing crystal deposition.54 Collectively, these 
findings indicate that if nanozymes are integrated with hydration-based management, their true synergistic value may not 
lie in marginally reducing supersaturation itself. Instead, they may interrupt the biological amplification triggered by low 
urine volume or urinary fluctuations through antioxidant, anti-inflammatory, and anti-adhesive effects.52,54 It is also 
worth noting that the variable effectiveness of lifestyle interventions in real-world settings is not solely due to poor 
adherence, but also reflects interpatient differences in urinary chemistry and renal tubular surface biology.22,62,84 In this 
context, Wang et al provided insightful mechanistic evidence using carboxymethylated polysaccharides from Desmodium 
styracifolium. In HK-2 cells and a nanoCOD crystal model, moderate carboxymethylation reduced crystal-surface 
adhesion and promoted appropriate crystal endocytosis. These findings suggest that if natural polysaccharides or plant- 
derived bioactive compounds are developed into controllable nanoformulations, their value may extend beyond simple 
component supplementation to the fine modulation of crystal-cell interfacial interactions.62 From the general principles of 
renal nanomedicine delivery, the feasibility of such synergistic strategies is supported by recent evidence showing that 
nanoparticle size, charge, surface ligands, protein corona, and disease state jointly determine glomerular filtration, tubular 
uptake, intraluminal retention, and excretion behavior. Therefore, to rigorously verify nanomedicine-lifestyle synergy in 
future studies, experimental designs should not only record water or citrate intake but also quantify the causal links 
among urinary supersaturation, urinary citrate concentration, renal nanoparticle exposure, inflammatory markers, and 
imaging-defined recurrence.22,84 Based on the current evidence, there remains a lack of high-quality kidney stone studies 
that directly demonstrate a clinical synergistic effect between nanomaterials and standard lifestyle 
interventions.3,52,123,124,127

Therefore, this concept is better regarded as an emerging translational direction than as a mature interventional 
paradigm. The two most promising routes for further development are nanocarriers for the precise delivery of citrate or 
plant-derived bioactive compounds, and kidney-targeted nanozymes or biomimetic nanosystems that buffer oxidative 
stress and crystal adhesion in parallel with hydration management. Both strategies are supported by clear mechanistic 
foundations as well as in vitro, animal, and preliminary clinical evidence. The next step is to validate these approaches in 
prospective combined studies incorporating 24-hour urinary parameters and recurrence-based endpoints.3,54,123,128

Challenges and Future Research Directions
Challenges in Clinical Application
From basic research to clinical practice, the greatest challenge facing nanomaterials in kidney stone disease is often not 
whether they are effective, but whether their benefits can be achieved safely, predictably, reproducibly, and affordably in 
the human body.54,129 This issue is particularly important because cerium oxide nanozymes designed to inhibit calcium 
oxalate deposition, biomimetic membrane-coated nanoparticles developed for lesion-targeted delivery, and photothermal 
or photonic nanomaterials used for near-infrared lithotripsy have all shown encouraging antioxidant, anti-inflammatory, 
crystal-inhibitory, or lithotriptic effects in cell models, ex vivo stone systems, and animal studies. However, these 
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advantages have not yet translated into clinical usability, indicating that a series of general nanomedicine barriers and 
kidney-specific challenges still separate established efficacy from clinical translatability.21,25,52,54,81

The first major challenge is the tension between biocompatibility and renal exposure. The kidney is not only 
a potential target organ for many nanoparticles, but also a major clearance organ. Therefore, any nanosystem intended 
to act on kidney stone lesions must address two questions simultaneously: whether it can reach the kidney efficiently 
and whether it may cause additional renal injury after arrival. This issue becomes even more complex in the setting of 
renal tubular injury, local inflammation, and an abnormal urinary environment in stone-forming patients. Under these 
conditions, the size, charge, surface modification, and protein corona formation of nanomaterials may alter filtration, 
reabsorption, luminal retention, and cellular uptake, thereby amplifying unpredictable differences in tissue 
exposure.22,129,130 The second core challenge is the uncertainty surrounding long-term toxicity and in vivo fate. 
Kidney stone disease differs from short-course conditions such as tumors because of its high recurrence rate. As 
a result, many preventive strategies require long-term, intermittent, or repeated administration. Accordingly, nanoma
terials intended for stone prevention require more stringent long-term safety evaluation than therapies administered 
only once. However, current nanomaterial research in kidney stone disease still focuses mainly on observation 
windows ranging from a few days to a few weeks, with primary emphasis on serum creatinine, tissue staining, and 
short-term biochemical indices. Evidence remains markedly insufficient regarding chronic accumulation, immune 
remodeling, effects on the gut-kidney axis, reproductive toxicity, and risks associated with underlying metabolic 
abnormalities.21,22,25 The third obstacle is the mismatch between preclinical efficacy assessment systems and clinically 
meaningful endpoints. In most nanomaterial-based kidney stone studies, the primary endpoints remain CaOx deposi
tion area, ROS levels, inflammatory cytokine expression, or in vitro fragmentation rates. Although these indicators are 
important for mechanistic elucidation, they remain far removed from clinically meaningful benefits such as lower 
recurrence rates, longer stone-free intervals, reduced need for surgical intervention, symptom relief, and preservation 
of renal function.21,25,98 The fourth challenge is that the regulatory pathway remains insufficiently clear, and 
nanomedicine cannot be readily accommodated within conventional drug-evaluation frameworks. The FDA has 
explicitly stated that drugs containing nanomaterials in their final dosage form may exhibit product properties that 
differ substantially from those of conventional formulations, and may therefore require special review with respect to 
CMC, quality control, safety, and efficacy. In other words, nanomedicines cannot be approved through conventional 
pathways simply by loading an active ingredient into a smaller carrier. Parameters such as particle size distribution, 
surface chemistry, aggregation behavior, drug release, impurity profile, and biological interactions may all become key 
regulatory variables.131 Recent industrial and renal nanomedicine reviews have repeatedly emphasized that the greatest 
regulatory difficulty lies not in the absence of regulations, but in the extreme heterogeneity of nanoproducts. Many 
properties that determine efficacy and risk are difficult to capture using traditional single quality attributes, which 
makes bioequivalence assessment, batch consistency, and bridging-study design considerably more complex.129,132 In 
kidney stone disease, this obstacle may be even more pronounced because there are currently no nanomedicines 
specifically developed and approved for stones, no established regulatory precedents, and no mature submission 
templates for recurrence prevention, local delivery, or drug-device-material combination products. Therefore, many 
future products may need to identify the most appropriate regulatory classification among drugs, devices, and 
combination products.129,131,132 In addition, nanoplatforms developed in academic research often rely on multistep 
synthesis, complex surface modification, and highly refined characterization, particularly in the case of biomimetic 
membrane-coating systems, functionalized gold nanomaterials, or multicomponent theranostic platforms. Feasibility at 
the laboratory scale does not necessarily translate into scalability under GMP conditions. Once industrial development 
begins, factors such as raw-material stability, membrane-source acquisition, sterility control, lyophilization, transport 
stability, and drift in particle size or zeta potential during long-term storage will directly determine whether a product 
is truly manufacturable.54,81,129,132

Therefore, the real challenge in the clinical application of nanomaterials for kidney stones is not simply a single issue 
of toxicity or cost, but rather an interdisciplinary coupling problem. It requires understanding how the kidney, as 
a filtering organ, determines the fate of materials, how material function can be maintained in real urine and complex 
lesions, and how added value can be demonstrated through standardized manufacturing, appropriate regulatory pathways, 
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and cost-effective clinical trials. In this sense, future research should focus not only on further improving crystal- 
inhibition or fragmentation efficiency in a given system, but also on establishing animal models that more closely 
resemble recurrent human stone disease, conducting long-term toxicological and pharmacokinetic studies, clarifying the 
relationship between quality attributes and clinical endpoints, and prioritizing nanoplatforms with relatively simple 
structures, clear mechanisms, and strong manufacturability. Only in this way can current promising laboratory achieve
ments be translated into genuine clinical application.3,131,132

Future Research Directions and Trends
Therefore, in order to overcome the shortcomings of nanomaterials in current kidney stone diseases, we should not view 
it as an isolated next-generation technology catalog in the future, but rather as a problem-oriented transformation 
roadmap, where each research direction is clearly aimed at solving a clear clinical bottleneck. Because in this field, 
the scientific value will ultimately depend not on the elegance of the nanosystem in vitro, but on whether it can enter the 
kidneys in a controllable manner, remain safe under repeated use conditions, and bring important benefits to patients with 
stone formation in practical practice.84,133,134 First, to address the tension between renal targeting and biocompatibility, 
future studies should move from empirical particle optimization toward physiology-guided design, systematically 
integrating glomerular filtration constraints, tubular uptake pathways, protein corona evolution, and disease-state urinary 
chemistry into nanoparticle engineering; notably, renal nanomedicine studies have already shown that kidney accumula
tion is highly dependent on particle physicochemical features, while albumin-corona nanocomplexes can be deliberately 
exploited to enhance tubular delivery, suggesting that “kidney targeting” must be treated as a measurable transport 
problem rather than a qualitative label.84,135 Second, to overcome uncertainty in long-term toxicity and in vivo fate, the 
field should prioritize repeated-dose pharmacokinetic and toxicology studies with longer observation windows, ideally 
extending to metabolically relevant and, where feasible, large-animal models, because renal handling of nanomaterials 
can be counterintuitive and even particles larger than the classical filtration threshold may show atypical renal clearance, 
making short-term serum biochemistry alone clearly insufficient for translational decision-making.136,137 Third, mechan
istically defined stone models should be used to link material function to disease biology more rigorously: for example, 
carboxymethylated Desmodium styracifolium polysaccharides were shown to reduce nano-calcium oxalate crystal 
adhesion and modulate crystal endocytosis in HK-2 cells, whereas ROS-responsive RBC membrane-coated cerium 
oxide nanoparticles loaded with TAK-242 suppressed oxidative stress, inhibited M1 macrophage polarization, and 
reduced crystal deposition in a glyoxylate-induced model, indicating that future work should compare whether anti- 
adhesion, antioxidant, inflammasome-suppressive, and macrophage-reprogramming strategies yield distinct advantages 
in different stone phenotypes instead of repeatedly reporting only smaller CaOx deposition areas.54,62 Fourth, to correct 
the current mismatch between preclinical readouts and clinical relevance, future translational studies should adopt 
endpoints closer to actual patient benefit, including recurrence-free interval, symptomatic recurrence, need for re- 
intervention, stone-free duration, imaging-based progression, and preservation of renal function, because the contem
porary stone literature makes clear that recurrence surveillance is inherently longitudinal and cannot be captured 
adequately by single-time-point crystal burden alone.133,138 Fifth, to reduce regulatory uncertainty, nanomaterial pro
grams for urolithiasis should establish chemistry, manufacturing, and controls (CMC) strategies at an early stage, with 
predefined critical quality attributes such as particle-size distribution, surface chemistry, membrane-source consistency, 
aggregation behavior, release kinetics, sterility, and storage stability, since both the FDA nanomaterial guidance and 
recent regulatory analyses emphasize that nanodrugs cannot simply be evaluated as smaller versions of conventional 
formulations.131,139 Sixth, manufacturability should become a selection criterion rather than an afterthought, meaning 
that platforms with simpler composition, modular assembly, scalable raw materials, and robust lyophilization or transport 
stability may deserve priority over overly sophisticated theranostic constructs, especially in a stone field where the 
comparator is not theoretical efficacy but practical competition with increasingly less invasive technologies; indeed, first- 
in-human break wave lithotripsy has already demonstrated that new stone interventions are more likely to gain traction 
when they show acceptable safety, low anesthesia burden, and realistic workflow advantages in multicenter 
settings.138,139 In this sense, the most credible future direction is not simply “smarter” nanotechnology, but a more 
selective translational strategy: choose platforms with clear mechanisms, verify them under recurrent-disease conditions, 
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evaluate them against clinically meaningful longitudinal endpoints, and build regulatory-grade quality packages early, so 
that the field can finally move from promising anti-crystal laboratory observations to nanomedicines or nano-enabled 
interventions that are genuinely testable in clinical stone prevention and treatment.62,134

Meanwhile, the most important change in the field of kidney stones may not simply be the emergence of more 
nanomaterials, but the evolution of these materials from single tools for crystal inhibition or drug delivery into closed- 
loop management platforms integrated with artificial intelligence, digital monitoring, and precise phenotyping. In other 
words, stone management may shift from the simple detection of existing stones to a continuous medical pathway 
involving risk prediction, dynamic monitoring, intelligent intervention, and recurrence warning.3,21,129 A trend extending 
beyond intelligent detection is the use of AI for nanotherapy design and personalized treatment development.22,140,141 On 
the one hand, AI can be used to screen material parameters that are most suitable for different pathological scenarios. For 
example, nanozyme systems with ROS-scavenging and anti-inflammatory properties may be prioritized for patients with 
high urinary oxalate and pronounced oxidative stress, whereas biomimetic nanoplatforms with lesion imaging, local drug 
delivery, or antibiofilm capabilities may be more suitable for patients with residual fragments or infection-related 
stones.140,141 On the other hand, AI may also support the reverse design of nanomaterials by integrating variables 
such as particle size, surface charge, protein corona formation, renal filtration behavior, and lesion-adhesion capacity to 
predict which platforms are most likely to achieve effective renal delivery while maintaining biological safety. This 
algorithm-assisted optimization of materials has been recognized as an important trend in medical AI in general and as 
one of the key future directions highlighted in reviews of renal nanomedicine translation.22,140,141

From the perspective of disease heterogeneity in kidney stone disease, individualized treatment will increasingly rely 
on the integration of genetic information and electronic medical records. For example, several studies have suggested that 
future stone management will no longer be limited to selecting medication according to stone composition.129,142,143 

Instead, it may integrate genetic background, metabolic profiles, radiomic features, and lifestyle data to generate precise 
prevention strategies with different intervention intensities, material platforms, and follow-up frequencies for different 
patients.144,145 However, it should also be acknowledged that direct evidence for the integration of AI and nanotechnol
ogy in kidney stone disease remains limited. Most studies are still in a stage of parallel development, with AI being used 
for risk stratification and nanomaterials being developed separately for detection or treatment, rather than forming a truly 
large-scale and prospective closed-loop system.3,22,141 Therefore, the most worthwhile directions for future research are 
not based on simply stacking concepts, but on solving several concrete problems. First, it is necessary to establish 
multimodal databases that can simultaneously incorporate imaging, 24-hour urine data, genetic information, lifestyle 
variables, and nanosensor outputs in order to support high-quality algorithm training.129,142,143 Second, intelligent 
nanodiagnostic devices compatible with clinical workflows should be developed so that detection results can be 
automatically returned and incorporated into recurrence prediction.114,119 Third, prospective studies of digital monitoring 
combined with metabolic intervention and nanotherapy should be conducted in high-risk recurrence subgroups to 
determine whether such platforms can truly reduce recurrence, lower the need for surgery, and improve long-term 
renal outcomes.146,147 Fourth, the co-translation of simplified, manufacturable, and regulatable nanoplatforms with 
algorithmic systems should be promoted to avoid a future in which technologies remain individually strong but 
collectively fragmented.3,124,129

Overall, the most likely future outcome in kidney stone management is not the appearance of a single revolutionary 
drug, but the establishment of a precise management system in which AI performs identification and prediction, 
intelligent nanodevices enable sensing and monitoring, and personalized strategies guide intervention and adjustment. 
In such a system, the significance of nanotechnology will shift from that of a new material platform to that of an interface 
layer for precision stone medicine, while artificial intelligence may become the central coordinator that truly connects 
molecular events, imaging information, and clinical decision-making.

Conclusion
In conclusion, kidney stone disease is a complex disorder involving metabolic disturbance, epithelial injury, oxidative 
stress, inflammation, and crystal retention rather than a simple process of crystal precipitation. Nanomaterials have 
emerged as promising tools for this field because they offer opportunities for early diagnosis, renal-targeted therapy, 

International Journal of Nanomedicine 2026:21                                                                                   https://doi.org/10.2147/IJN.S610906                                                                                                                                                                                                                                                                                                                                                                                                      29

Zuo et al

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



microenvironmental regulation, and recurrence prevention. The most clinically meaningful advances can be grouped into 
several core directions: nanoscale metabolic sensing for earlier risk identification, targeted delivery systems for renal and 
lesion-specific intervention, antioxidant and biomimetic platforms for protection of the crystal-injured microenvironment, 
and photoresponsive strategies that may complement stone-disruption technologies. At the same time, these emerging 
strategies should be interpreted in the context of the current state of the art in stone treatment, in which mechanical stone 
disruption remains the clinical cornerstone. Established approaches such as shock wave lithotripsy (SWL), together with 
endourologic fragmentation techniques, are highly effective for debulking or removing formed stones, while newer 
ultrasound-based technologies, including burst wave lithotripsy and ultrasonic propulsion, further highlight the potential 
of noninvasive or minimally invasive mechanical management, particularly for fragmentation and clearance of residual 
fragments. However, mechanical disruption and drug-based or nanomaterial-enabled treatment are not competing 
paradigms so much as complementary ones. Mechanical techniques are best suited to the immediate physical manage
ment of established stones and obstruction, whereas pharmacologic and nanotechnology-based approaches are more 
relevant to upstream disease modification, including suppression of crystal-cell adhesion, attenuation of oxidative and 
inflammatory injury, microenvironmental remodeling, and long-term recurrence prevention. In this sense, nanomedicine 
is unlikely to replace SWL or other stone-breaking technologies in the near term; rather, its greatest translational value 
may lie in improving what mechanical treatment alone cannot fully solve, namely early risk detection, lesion-specific 
renal protection, residual fragment management, and durable prevention of re-formation. This distinction also helps 
clarify the translational role of nanotechnology: its value lies less in replacing existing procedures than in bridging the 
gap between acute stone removal and long-term biologic control of recurrence. Despite this progress, important 
challenges remain, including long-term safety, renal biocompatibility, large-scale manufacturing, regulatory barriers, 
and limited clinical validation. Among these, safety evaluation deserves particular emphasis, because materials intended 
for kidney stone applications must not only demonstrate therapeutic efficacy but also avoid renal epithelial toxicity, off- 
target accumulation, immunologic risk, and unintended promotion of crystal nucleation or retention. Moreover, future 
studies should compare nanomaterial-based strategies more explicitly with existing mechanical and pharmacologic 
standards, so that their true added value can be judged in terms of efficacy, tissue protection, fragment clearance, 
recurrence reduction, and clinical practicality. Future progress in the field will likely depend not on choosing between 
stone disruption and drug treatment, but on integrating them more intelligently—for example, combining mechanical 
debulking with nano-enabled protection of the renal microenvironment, anti-redeposition strategies, or adjunctive 
technologies that facilitate fragment clearance while reducing tissue injury and recurrence risk. Overall, the integration 
of nanotechnology with intelligent diagnostics and individualized metabolic evaluation may provide a more precise and 
clinically relevant direction for the future prevention and treatment of kidney stones.
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