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ABSTRACT

The treatment and management of kidney diseases pose a significant global burden. Due to the presence of blood circulation barriers and glomerular filtration
barriers, drug therapy for kidney diseases faces challenges such as poor renal targeting, short half-life, and severe systemic side effects, severely hindering therapeutic
progress. Therefore, the research and development of kidney-targeted therapeutic agents is of great clinical significance. In recent years, the application of nano-
technology in the field of nephrology has shown potential for revolutionizing the diagnosis and treatment of kidney diseases. Carefully designed nanomaterials can
exhibit optimal biological characteristics, influencing various aspects such as circulation, retention, targeting, and excretion. Rationally designing and modifying
nanomaterials based on the anatomical structure and pathophysiological environment of the kidney to achieve highly specific kidney-targeted nanomaterials or
nanodrug delivery systems is both feasible and promising. Based on the targeted therapy of kidney diseases, this review discusses the advantages and limitations of
current nanomedicine in the targeted therapy of kidney diseases, and summarizes the application and challenges of current renal active/passive targeting strategies,
in order to further promote the development of kidney-targeted nanomedicine through a preliminary summary of previous studies and future prospects.

1. Introduction

The kidneys play a pivotal role in maintaining human homeostasis,
and their dysfunction can lead to hypertension, urinary tract infections,
and inflammation-related diseases [1,2]. With the advancement of so-
cioeconomic development, kidney disease has emerged as a global
epidemic, ranking third among the leading causes of death worldwide
and projected to become the fifth highest cause of death by 2040.
Currently, 850 million individuals are affected, and the associated
treatment costs are draining public health resources, with the US
government-funded Medicare program alone spending an estimated
$130 billion annually [3-6]. Kidney diseases can be broadly classified
into acute kidney injury (AKI) and chronic kidney disease (CKD), with
AKI being the predominant form in the former. The two types of diseases
are closely linked, and recent studies have demonstrated that poor re-
covery from AKI is a major risk factor for CKD development. Moreover,
the presence of CKD significantly increases the susceptibility to AKI [7].
From a mechanistic standpoint, oxidative stress, inflammation,
ischemia-hypoxia, and fibrosis are all contributing factors to the ma-
lignant progression of kidney diseases [8]. For a long time, the clinical
treatment of kidney disease is still based on non-steroidal drugs, hor-
mones and dialysis. Although it can largely inhibit the progression of
kidney disease, it still faces many problems such as poor kidney tar-
geting, short half-life, low kidney utilization, serious systemic side
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effects and so on. This largely hinders the rapid intervention of kidney
disease, leading to disease deterioration. Therefore, the development of
kidney-targeted therapeutic drugs is of great clinical significance to
solve the above clinical challenges.

The utilization of nanomaterials, with their unique optical, electrical,
physical, and chemical properties, to construct novel nanomedicines for
disease diagnosis and treatment is a burgeoning field of biomedical
research, holding immense potential for addressing maladies such as
cancer, cardiovascular diseases, bone repair, and neurological disorders
[9-15]. In recent years, the integration of nanomaterials with thera-
peutic agents has demonstrated remarkable prospects and rapid prog-
ress in the realm of renal disease therapy. A diverse range of organic,
inorganic, polymeric, and metallic nanomaterials, including liposomes,
nanoparticles, low-dimensional nanomaterials, hydrogels, dendritic
polymers, mesoporous materials, oncolytic viruses, micelles, and carbon
nanotubes, have emerged as “delivery vehicles” for targeted delivery of
therapeutic agents (e.g. drugs, mRNA, siRNA) to specific tissues
[16-32], cells, and even subcellular compartments. Particularly for
poorly soluble drugs with low absorption or short half-lives, nano-
carrier-mediated delivery can achieve high-efficiency accumulation in
targeted regions. By meticulously designing and modifying the nano-
materials, one can achieve spatiotemporal control over drug delivery,
revolutionizing traditional approaches to renal disease therapy. This
approach effectively addresses clinical challenges such as poor renal
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targeting, severe systemic side effects, and short half-lives, thereby
significantly advancing the treatment of renal diseases.

The glomerular filtration barrier is the main obstacle to the delivery
of nanomaterials. Therefore, the smooth passage of nanocarries through
the glomerular filtration barrier is the prerequisite for the renal appli-
cation of nanomaterials. As we know, the physical and chemical prop-
erties of nanomaterials (such as size, composition, geometry, surface
charge, surface functional groups, hydrophilicity and hydrophobicity,
rigidity and elasticity) largely determine their potential for renal ap-
plications [33-40]. These factors can directly or indirectly affect the
uptake of materials or the efficiency of targeting specific cells or organs.
Therefore, the development of kidney-targeted nanodrugs should not
only have excellent biological safety, but also scientifically design the
physical and chemical properties of nanomaterials based on the
anatomical structure and physiological and pathological characteristics
of the kidney. It is of great significance to learn from the targeting
strategies reported in previous studies to promote the development of
kidney-targeted nanodrugs.
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Despite the rapid advancements in nanomedicine, its application in
the realm of renal disease therapy remains in its nascent stages. To
address this gap, this comprehensive review aims to critically summa-
rize the strategies and research progress in nanomaterial-based targeted
therapies for renal diseases. With a primary focus on renal targeting
strategies, we provide a comprehensive overview of currently employed
targeted nanomaterials for renal diagnosis and treatment. We categorize
these targeting strategies, discuss their prospects and challenges, and
highlight our current understanding and future contributions to the
development of renal targeted therapies.

2. Anatomical and structural features of the kidney and
filtration size requirements

The kidneys, pivotal organs of the urinary system, are situated
retroperitoneally on either side of the lumbar spine, resembling bean-
shaped structures. Blood enters the kidneys via the renal arteries and
exits through the renal veins. The nephron, is a remarkable microscopic
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Fig. 1. Anatomical Structure of the Kidney and Various Cell Types. The nephron is the basic structural and functional unit of the kidney, consisting of the renal
corpuscle and renal tubule. The renal corpuscle includes the glomerulus and Bowman’s capsule, with the glomerulus comprising capillaries. The schematic illustrates
the glomerulus and the glomerular filtration barrier in both healthy and diseased states. The latter is composed of glomerular endothelial cells, the glomerular
basement membrane, and podocytes. All solutes and molecules with a molecular weight less than albumin (68 kDa) and a hydrodynamic diameter (HD) < 5-7 nm
can pass through this barrier. The glomerular filtration barrier is negatively charged and repels negatively charged proteins and nanoparticles under healthy con-
ditions. In disease states, podocyte damage leads to severe impairment of barrier function.
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structure that orchestrates the filtration process. Adult kidneys harbor
approximately 1-2.5 million nephrons, each composed of two intricate
filtering components: the glomerulus and a hairpin-shaped tubule
comprising the proximal tubule, the loop of Henle, the distal tubule, and
the collecting duct. The glomerulus, a capillary network enveloped by
Bowman’s capsule, serves as the filtration site. It is composed of
glomerular endothelial cells (GECs), a glomerular basement membrane
(GBM), podocytes, mesangial cells, and parietal epithelial cells [41-48].
The glomerular filtration membrane (GFM) is the primary executor of
the kidney’s filtration function. As previously discussed, GFM filtration
relies heavily on three distinct barrier components: the endothelium, the
basement membrane, and the podocytes. The endothelium consists of a
monolayer of endothelial cells with fenestrations of 70-90 nm and a
basement membrane composed primarily of type IV collagen, laminin,
and proteoglycans. These elements interweave to form a mesh with pore
sizes of 2-8 nm. Podocytes, situated on the opposite side of the basement
membrane and connected to Bowman’s space, exhibit slit pores with
diameters of 4-11 nm and are covered by a glycocalyx approximately
200 nm thick [49]. Given the intricate four-layer filtration system of the
glomerulus, nanomedicines employed for renal disease therapy must
undergo rigorous design and fabrication to minimize excessive losses
during the circulation process (Fig. 1).

2.1. Nanoparticle size

The different size of nanoparticle largely determined their different
organ distribution. It was found that 150-300 nm nanoparticle were
mainly enriched in the liver and spleen, while larger than 1000 nm
nanoparticle were mainly trapped in alveolar capillaries. In the case of
the kidney, due to the unique structure of the glomerulus, the glomer-
ular filtration of nanoparticles is strongly size-dependent, so the devel-
opment of nanomedicine for biomedical applications needs to fully
consider particle size [50]. As shown in the schematic diagram in Fig. 2,
under normal circumstances, the fenestration of glomerular capillaries
and the slit diaphragm formed by podocyte foot processes create a
physical barrier for blood filtration. Nanoparticles with a particle size
<10 nm can successfully pass through the glomerular filtration barrier,
such as the ultra-small Tungsten-based nanodots (TWNDs) designed by
Huang Q et al. [51]. It can successfully cross the glomerular filtration
barrier to reach the renal tubular epithelial cells. However, nano-
particles larger than 10 nm may be trapped in the podocyte foot pro-
cesses. Moreover, nanoparticles with hydrodynamic diameter (HD) >
100 nm almost did not pass through the endothelium. Specifically,
PEG-coated gold nanoparticle substrates with HD > 100 nm could barely
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pass through the endothelium; However, HD gold nanoparticles in the
6-100 nm range were able to successfully filter through the endothelium
and be intercepted by glomerular basement membrane (GBM), resulting
in their accumulation in the mesangium, but not in the GBM [52-54].
Remarkably, nanoparticles with HD ranging from 1 to 6 nm can
permeate the GFM and are efficiently cleared into the urine, with over
50 % elimination achieved within 4 h post-administration [55,56]. For
example, Singh et al. found that silicon nanoparticles with a size of 2.4
+ 0.5 nm were almost 100 % cleared into urine within 24h [57].
Interestingly, among PEG-modified silica nanoparticles, those with HD
of 3.3 nm exhibited significantly faster filtration compared to their 6 nm
counterparts (73 % vs. 64 % at 48 h post-injection) [58]. Similarly, gold
nanoparticles with HD of 6, 3, 2.4, and 1 nm demonstrated filtration
rates of 4 %, 42 %, 52.5 %, and 51.6 %, respectively, at 24 h
post-injection [59-61]. These observations underscore that within the
2-6 nm range, smaller nanoparticles exhibit faster filtration rates than
larger ones. However, within the 1-2 nm range, nanoparticle clearance
efficiency appears to plateau. Guo et al. conducted a classic study in
which they prepared nanoparticles with three different diameters of
75/95 and 130 nm, and found that 95 nm nanoparticles had the highest
accumulation efficiency, and the accumulation rates of 75 nm and 130
nm nanoparticles were only 56 % and 22 % of 95 nm particles,
respectively. More importantly, their study showed that, the renal
accumulation rate increased with the particle size of nanoparticles in the
range of 100 nm, but the opposite was observed for nanoparticles larger
than 100 nm [62]. When disease occurs, it has been shown that nano-
particles in the range of 70-100 nm are present within mesangial cells,
which can subsequently pass through the apical membrane into the
tubular epithelial cells [63]. Similarly, Yu et al. demonstrated that PLGA
nanoparticles with a size of 100 nm were able to accumulate in the
injured kidney after ischemia-reperfusion, but not with nanoparticles in
the 200-300 nm range, which are not present in the normal kidney [64].
It has also been shown that nanoparticles in the size range of 300-400
nm are also able to accumulate in the kidney [65-68]. Therefore, in
pathological conditions, the gap in the filtration barrier increases, which
in part promotes the filtration of large nanoparticles. This may be closely
related to the enhanced permeability and retention (EPR) effect at the
lesion site after injury [69]. However, the specific situation is constantly
variable due to the degree of kidney damage, so there is no clear
explanation. Therefore, it is a better choice to design nanoparticles
based on the barrier filtration requirements under physiological condi-
tions to ensure kidney targeting.

Under pathological conditions, the interspaces of the filtration bar-
rier may widen, potentially facilitating the filtration of larger
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Fig. 2. Renal Passive Targeting of Nanomaterials. By designing the shape, size, and charge of nanomaterials, they can effectively passively traverse the glomerular

filtration barrier, enter the Bowman’s capsule, and reach the target cells..



Z. Wang and C. Zhang

nanoparticles to some extent [70,71]. However, the specific details vary
depending on the severity of kidney damage, precluding a definitive
explanation. Therefore, designing nanoparticle size based on physio-
logical barrier filtration requirements remains the optimal approach for
ensuring renal targeting.

2.2. Nanoparticle shape

While nanoparticle size plays a paramount role in their renal filtra-
tion and targeted drug delivery potential, shape also exerts a significant
influence on their behavior within the kidney. During transport, blood
flow exerts a substantial force on nanoparticles, often surpassing the
impact of Brownian motion. As a result, the shape of nanoparticles can
influence their in vivo performance and biodistribution to a certain
extent (Fig. 1) [72]. Typically, kidney-targeting nanoparticles are
designed with a spherical shape. However, research has demonstrated
that certain high-aspect-ratio nanomaterials, such as rods, tubes, and
sheets, can also rapidly traverse the glomerulus and achieve renal
accumulation. For instance, carbon nanotubes with lengths ranging
from 100 to 1000 nm and diameters between 0.8 and 1.2 nm, despite
having molecular weights of 350-500 kDa, can passively filter through
the GFM while maintaining their structural integrity [73]. Similarly,
novel two-dimensional nanomaterials, including black phosphorus
nanosheets (thickness of 3—-4 nm and lateral dimensions of 400-600 nm)
and graphene oxide nanosheets (thickness of 1-2 nm and lateral di-
mensions of ~1 pm), have been shown to rapidly accumulate in the
kidneys within a short timeframe [74,75]. A proposed mechanism to
explain this phenomenon is that hydrodynamic forces orient these
high-aspect-ratio nanomaterials perpendicular to the GBM, enabling
them to insert into the interspaces and complete renal filtration.
Therefore, beyond the conventional spherical design, high-aspect-ratio
nanomaterials can also achieve rapid renal filtration and targeted drug
delivery to the kidneys.

2.3. Nanoparticle charge

The glomerular filtration membrane (GFM), the primary barrier to
renal filtration, exhibits a net negative charge due to the presence of
anionic proteoglycans in the GBM and sulfated heparan sulfate in the
podocyte glycocalyx. This inherent charge selectivity influences the
filtration rates of nanoparticles with varying surface charges [56,76].
Generally, positively charged nanoparticles tend to favor glomerular
filtration due to electrostatic attraction (Fig. 1). For instance, positively
charged silica nanoparticles ({ = 5.4 mV, HD = 2.4 nm) demonstrated a
remarkable renal clearance rate of 100 % within 24 h post-injection,
while negatively charged gold nanoparticles ({ = —30 mV, HD = 2.9
nm) exhibited a clearance rate of only 45 % [60,77]. This suggests that a
negative surface charge on nanoparticles may enhance their retention
within the kidneys, potentially leading to improved therapeutic efficacy.
However, the relationship between nanoparticle charge and renal
filtration is not as straightforward as simply considering positive versus
negative charges. Studies have shown that among negatively charged
nanoparticles, the specific charge magnitude can also influence filtration
behavior. For example, glutathione-coated gold nanoparticles
(GS-AuNPs, HD = 3.0 nm, { = —50 mV) and glutathione-cysteine-coated
gold nanoparticles (GC-AuNPs, HD = 2.9 nm, { = —22 mV) exhibited
significantly different renal clearance rates of 28 % ID and ~10 % ID,
respectively, within 1 h post-injection [78]. These findings highlight the
importance of considering not only the polarity (positive or negative)
but also the magnitude of the surface charge when designing
kidney-targeting  nanomedicines. @A fine balance between
charge-mediated filtration and retention is crucial for achieving optimal
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drug delivery to the kidneys. Although these nanoparticles are synthe-
sized from different materials, the charge affects their renal clearance
properties, and positively charged nanoparticles are generally cleared
faster than negatively charged nanoparticles. A number of methods are
commonly used to adjust the charge of nanoparticles, including conju-
gation of charged ligands such as peptides and application of surface
coatings with amine or carboxyl/silanol groups [79]. For example, Hu
et al. synthesized fluorescent carbon spots with amine-rich coatings and
surface functionalization of carboxyl or silanol groups to obtain nano-
particles with charges varying from 36.6 mV to —52.3 mV [80].

3. Overview of kidney targeting nanomaterials: general
mechanisms and influencing factors

3.1. Passive targeting of nanomaterials to the kidney

Passive targeting relies on the inherent physicochemical properties
of nanomaterials to achieve kidney-specific localization. Following
intravenous administration, nanomaterials navigate the circulatory
system and selectively accumulate in the kidneys through glomerular
filtration. As previously discussed, the four-layer filtration system of the
glomerulus imposes stringent requirements on nanomaterial character-
istics, including size, shape, and surface charge. These specific re-
quirements have been elaborated upon in the preceding sections and
will not be reiterated here. It is noteworthy that passive targeting of
nanomaterials can significantly mitigate the obstacles posed by the
circulatory and glomerular filtration barriers, thereby minimizing un-
necessary losses of therapeutic agents and facilitating rapid renal
accumulation. This approach holds immense promise for both renal drug
delivery and targeted renal therapies. Ryan et al. found that polymer-
based mesoscale nanoparticles (MNPS) with large diameters
(350-400 nm) localized to the kidney 5 to 7 times more efficiently than
any other organ when administered in the intravenous tail vein. This is
because the nanomaterial is tubular and improves passive targeting of
the kidney [81]. Therefore, designing and fabricating nanomaterials
tailored to the GFM’s characteristics is a fundamental prerequisite for
successful kidney targeting therapy (Fig. 2).

3.2. Active targeting of nanomaterials to the kidney

Active targeting employs surface modifications to enhance the
homing and retention of nanomaterials in target cells/tissues while
improving their uptake. Compared to passive targeting, active targeting
introduces a greater degree of “intentionality” by enabling researchers
to design and fabricate nanocarriers equipped with specific ligands that
impart targeted delivery capabilities. This approach facilitates site-
specific therapy with minimal off-target toxicity (Fig. 3).

A common strategy for active kidney targeting involves conjugating
targeting peptides to the surface of nanomaterials to facilitate specific
anchoring to target cell/tissue-specific molecules. For instance, the
kidney-targeting peptide (KKEEE)3K was identified to bind to megalin, a
multiligand binding receptor expressed in proximal tubule cells [82].
Studies have demonstrated that PEGylated micelles conjugated with
(KKEEE)3K exhibited 35 % renal fluorescence intensity 24 h
post-intravenous injection, compared to total fluorescence intensity
[83]. Similarly, (KKEEE)3K-conjugated ciprofloxacin also showed sub-
stantial accumulation in the kidneys [84]. In addition, modification of
exosomal vesicles with KIM-1-targeting peptide LTH also promoted the
rapid anchoring of the vesicles to the surface of injured renal tubular
epithelial cells. The efficiency of the vesicles was up to five times higher
than that of the non-targeted vesicles, and most of them were endocy-
tozed in kim-1" cells [85].
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Fig. 3. Renal Active Targeting of Nanomaterials. By modifying the surface of nanomaterials or conjugating them with targeting peptides, nucleic acids, or other

molecules, specific targeting of kidney cells can be achieved.

Aptamers, also known as chemical antibodies, are single-stranded
DNA/RNA molecules with high specificity and affinity for a wide
range of ligands [86-88]. Conjugating aptamers to nanomaterial sur-
faces to target specific cells is another effective strategy for renal active
targeting. For example, NGAL specific aptamer NA53 modified poly-
dopamine nanospheres could effectively bind NGAL protein on the
surface of renal tubular epithelial cells after AKI. The limit of detection
(LOD) was as low as 6.25 pg/mL L. The test is up to five times more
sensitive than normal tests [89].

CD44, a transmembrane glycoprotein, is overexpressed on the sur-
face of injured renal tubular epithelial cells [90,91]. Under physiological
conditions, CD44 can effectively bind hyaluronic acid (HA) [92]. Sun
et al. used HA-modified melanin nanoplatform to achieve effective tar-
geting of damaged renal tubular epithelial cells with AKI induced by IRI.
After HA modification, the in vitro targeting efficiency of the melanin
nanoplatform was as high as 94 %, which was in sharp contrast to the
unmodified (80 %) [93]. Therefore, HA-mediated surface modification
of nanomaterials to anchor to CD44 receptors is another valuable
strategy for targeting renal tubular epithelial cells.

4. Overview of kidney targeting nanomaterials and their current
applications in renal diseases

As mentioned above, kidney disease has become one of the major
hazards worldwide, and drug therapy for kidney disease has been faced
with problems such as poor renal targeting, short half-life and serious
systemic side effects. Therefore, drug research and development for
kidney targeted therapy is of great clinical significance. In recent years,

the development of nanomaterials has promoted more and more
research and development of kidney-targeted therapeutic agents or drug
delivery systems based on nanomaterials, which has greatly improved
the kidney-targeting efficiency of drugs and improved the progress of
disease. The types and applications of kidney-targeting nanomaterials
are described in detail in the following aspects.

4.1. Nanoparticles: introduction, properties, preparation methods, and
applications

Nanoparticles are nanoscale particles prepared from polymers,
lipids, or metals [94]. They hold immense potential as drug delivery
vehicles, with applications reported in cancer, cardiovascular diseases,
respiratory diseases, and renal diseases. As nanotechnology advances,
innovative engineered composite nanoparticles are continuously
emerging. Through surface modification or functional group conjuga-
tion, these nanocarriers enable precise and rapid targeted drug delivery.
In the context of renal diseases, designing and fabricating nanoparticles
that conform to the glomerular filtration barrier can effectively promote
kidney targeting and substantially reduce systemic toxicity. Nano-
particles can be broadly categorized into polymeric nanoparticles and
inorganic nanoparticles, which will be discussed in detail below.

4.1.1. Polymeric nanoparticles

Polymeric nanoparticles can be synthesized from natural or synthetic
materials, monomers, or preformed polymers, enabling a diverse range
of potential structures and properties. Polymer-based nanoparticles are
a prominent class of nanocarriers for drug delivery. They are often
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arranged in specific sequences, conformations, and structural arrange-
ments, essentially representing a flexible and tunable chemical molec-
ular platform. The unique physicochemical properties of these polymers
allow researchers to tailor nanoparticles by controlling their size, shape,
and surface chemistry, thereby altering their in vivo biodistribution,
loading efficiency, and release kinetics. Biomedically relevant polymeric
nanoparticles are typically composed of polymers with excellent
biocompatibility and biodegradability, such as poly (lactic-co-glycolic
acid) (PLGA), polyethylene glycol (PEG), and chitosan. Currently, a
mature set of methods exists for the synthesis of polymeric nano-
particles, including emulsification (solvent displacement or diffusion),
nanoprecipitation, ionic gelation, and microfluidics. Therapeutic drugs
can be encapsulated within the NP core, embedded within the polymeric
matrix, chemically conjugated to the polymer, or attached to the NP
surface. This ensures a wide range of deliverable agents, including hy-
drophobic and hydrophilic compounds, small molecules, bio-
macromolecules, proteins, and vaccines. Farideh et al. synthesized light-
chain-conjugated PLGA NP (LC-NP) specifically designed to target the
membrane protein giantin, which is expressed by renal proximal tubular
epithelial and renal cell carcinoma cells. After entering the body, LC-NPs
are selectively delivered to the kidneys in vivo. LC-NPs accumulated
significantly higher in the kidney compared to injections of NPs or PBS
alone. The fluorescence signal intensity of LC-NPs in the kidney was 2.7-
fold, 3.4-fold, and 2.2-fold higher at 1, 2, and 7 days after injection,
respectively. It then descends into the lumen of the renal tubules. The
light chains selectively interact with the giant proteins on the membrane
of proximal renal tubular epithelial cells, leading to the uptake of NP.
This property of LC-NPs can effectively reduce the dose and off-target
toxicity of LC-nps. Therefore, their study fully demonstrated the
biosafety and biodegradability of PLGA [95]. Notably, polymeric
nanoparticles can be pre-designed to control their composition, response
conditions, surface charge, and stability, leading to differential drug
loading efficiency and release profiles.

4.1.2. Inorganic nanoparticles

Inorganic nanoparticles are typically based on metals and non-
carbon elements, with representative examples including gold nano-
particles, metal salts, quantum dots, and mesoporous silica nano-
particles. Due to their controllable nanostructure, large surface area,
diverse surface chemistry, and unique optical and magnetic properties,
inorganic nanoparticles have demonstrated immense potential in
nanomedicine [96]. Notably, their ability to scavenge reactive oxygen
species (ROS) has led to their widespread application in various
ROS-related diseases [97,98], including acute kidney injury (AKI). For
instance, Dalong Ni and colleagues reported molybdenum-based poly-
oxometalate (POM) nanoclusters as a new type of nanoantioxidant to
protect the kidney with preferential renal uptake. Their findings
demonstrated that POM nanoclusters with an average diameter of
approximately 1 nm exhibited excellent renal uptake and effectively
inhibited AKI progression [99]. As nanotechnology advances, the
preparation techniques for inorganic nanoparticles are becoming
increasingly mature and diverse. Common preparation methods include
hydrothermal synthesis, precipitation, sol-gel, redox, and template
methods [100]. However, the limited biocompatibility and targeting
ability of inorganic nanoparticles have hindered their biomedical ap-
plications to some extent. To address this issue, researchers often
employ surface modification techniques, the most common of which is
PEGylation [101]. This approach not only reduces reticuloendothelial
system (RES) uptake of nanoparticles but also enhances their tissue or
cell targeting capabilities by anchoring targeting moieties to the
PEGylated inorganic nanoparticle surface. Additionally, utilizing cell
membrane-coated inorganic nanoparticles to evade the immune system
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has gained significant research attention in recent years. Examples
include red blood cell membrane, platelet membrane, and macrophage
membrane coatings [102-105]. As mentioned earlier, the composition
of inorganic nanoparticles is largely based on metal elements, which
may pose toxicological concerns in biomedical applications, presenting
a significant challenge for clinical translation. However, recent research
has revealed that specific metal ions or trace elements released from
many inorganic nanoparticles can act as therapeutic agents or treatment
modalities for various diseases in target tissues. Upon cellular uptake,
these trace elements or metal ions can influence relevant intracellular
mechanisms, such as redox balance, cell signaling, migration, and
photothermal effects [106]. This not only alleviates researchers’ con-
cerns but also lays a better foundation for the broader biomedical ap-
plications of inorganic nanoparticles.

4.2. Nanogels

Hydrogels, crosslinked networks of hydrophilic polymers, can retain
significant amounts of water, making them excellent carriers for drug
loading and release [107,108]. Nanogels, as the name suggests, are
hydrogel particles with nanoscale dimensions. Compared to macro-
scopic hydrogels, their nanometer size facilitates cellular uptake via
receptor-mediated endocytosis, rendering them suitable carriers for
various chemotherapeutic drugs, antisense nucleotides, siRNA, and
peptides [109-112]. As a “fusion” of nanoparticles and hydrogels,
nanogels possess the high water content and mechanical properties of
hydrogels, along with the controllable size and large surface area
characteristic of nanocarriers, making them an ideal choice for drug
delivery.

4.2.1. Advantages of nanogels

Firstly, nanogels exhibit high biocompatibility and can easily
disperse in aqueous media. In studies using injectable nanogels for the
treatment of bone and joint injuries, no inflammatory reactions were
observed, indicating excellent biocompatibility [113,114]. Additionally,
the cross-linked network of nanogels can capture molecules of various
sizes within the hydrophilic network, maintaining the proper spatial
conformation of proteins and enzymes to preserve their biological ac-
tivity [115,116]. Notably, the properties of nanogels can be customized
by altering their size, cross-linking density, and surface characteristics
[117,118]. For instance, when loading drug molecules smaller than the
mesh size of the nanogel, drug molecules may be lost during loading,
resulting in low loading efficiency. This issue can be addressed by
changing the cross-linking density of the nanogel [119,120]. Similarly,
strongly charged biotherapeutics (such as nucleic acids) can be loaded
into nanogels with opposite charges, achieving stable fixation of drug
molecules under physiological conditions and subsequently releasing
them as the gel degrades, providing a sustained therapeutic effect
[121-123].

Moreover, modifying the surface properties or selecting the compo-
nents of nanogels can enable responsive degradation, such as ROS-
responsive degradation and pH-responsive degradation. This allows
rapid degradation of nanogels based on the physiological differences
between intracellular and extracellular environments [118,124,125].
Such responsive degradation not only ensures effective drug release but
also enables targeted release in diseased areas based on the character-
istics of the disease microenvironment, thereby improving drug utili-
zation efficiency.

4.2.2. Preparation of nanogels
The network structure of polymeric nanogels is composed of homo-
polymers or copolymers and can be linked through covalent bonds
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(chemically crosslinked gels) or weak interactions (physically cross-
linked gels) [126]. Covalent crosslinking generates a stable polymer
network, and the size and morphology of the gel can be controlled by
fine-tuning the hydrophilic and hydrophobic components [127]. Addi-
tionally, nanogels can be synthesized via physical interactions between
polymers, such as hydrogen bonds, electrostatic interactions, and
host-guest interactions. Compared to covalent crosslinking, physically
crosslinked nanogels offer a simpler preparation process and enhanced
biocompatibility [128]. For example, Kiyono et al. designed and pre-
pared cholesterol-group branched starch that can form nanogels in
water via physical crosslinking and capture proteins through hydro-
phobic interactions, enabling needle-free vaccine delivery [129].

4.2.3. Nanogels as therapeutic drug carriers

As discussed earlier, the high loading capacity, stability, and envi-
ronmental responsiveness of nanogels make them an excellent choice for
drug delivery systems. Biotherapeutics can be incorporated into nano-
gels via physical entrapment, covalent coupling, or self-assembly,
leading to the formation of stable nanocarriers. Fujii et al. investigated
the potential of cholesterol-cyclic amyloss self-assembled nanogels with
spermine groups (CH-CA-Spe) to deliver vascular endothelial growth
factor (VEGF) -specific short interfering RNA (siVEGF) to kidney cells.
They co-cultured the nanogel and cells, and the results showed that the
nanogel complex did not exhibit any significant toxicity to the cells
[130]. With the advancement of nanogel technology, targeted delivery,
efficient drug release, controlled release characteristics, biocompati-
bility, and biodegradability of nanogels as drug carriers have become
research hotspots, continuously providing innovative solutions for dis-
ease treatment and enabling precision therapy for various ailments.

4.3. Liposomes

Liposomes are spherical vesicles primarily composed of lipids,
featuring a lipid bilayer membrane and an aqueous core. Their typical
size ranges from 100 to 200 nm, enabling the incorporation of hydro-
phobic drugs into the membrane while encapsulating hydrophilic drugs
within the aqueous core [131]. The amphiphilic nature of the lipid
membrane allows for surface modification with various targeting li-
gands or other small molecules, conferring targeted drug delivery to
specific cells or organs [132]. Liposomes can be categorized based on
their size, bilayer number, and composition. According to the number
and thickness of their bilayers, liposomes are classified into two groups:
unilamellar vesicles (ULVs) and multilamellar vesicles (MLVs). ULVs are
surrounded by a single lipid bilayer and are further categorized based on
their size into small unilamellar vesicles (SUVs), large unilamellar ves-
icles (LUVs), and giant unilamellar vesicles (GUVs), with respective sizes
of 30-100 nm, 100-1000 nm, and 1-100 pm. MLVs consist of multiple
lipid bilayers and typically reach diameters of hundreds of nanometers
[133-135]. Different types of liposomes exhibit distinct properties in
drug delivery applications. For instance, small-sized liposomes can
effectively traverse various physiological barrier systems, enhancing
passive targeting capabilities, while larger liposomes can improve drug
encapsulation efficiency and be actively targeted through surface
modifications.

4.3.1. Liposome properties

Liposomes offer several advantages as drug delivery systems,
including excellent biocompatibility, high drug loading capacity, and
tunable physicochemical properties. Additionally, liposomes can alter
the pharmacokinetics of drugs by protecting them from premature
inactivation, degradation, and dilution in the bloodstream, a crucial
aspect for RNA therapeutics [136-139]. Naked RNA is a negatively
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charged hydrophilic macromolecule that is difficult for cells to uptake
due to electrostatic repulsion from the cell membrane and is rapidly
degraded by RNA enzymes. Encapsulation of RNA within liposomes
provides an opportunity to deliver both the cell membrane and released
RNA to the cytosol. The FDA-approved mRNA-LNP COVID-19 vaccine
(Comirnaty) and Moderna’s COVID-19 vaccine’s emergency use autho-
rization (EUA) further demonstrate the safety and applicability of
LNP-based nucleic acid delivery methods for various therapeutic agents
[140].

4.3.2. Liposome preparation methods

Various methods exist for liposome preparation, but all methods can
be broadly categorized into two steps: drying lipids from an organic
solvent and dispersing the lipids in an aqueous solution. Common
preparation methods include lipid vesicle extrusion, lipid film rehy-
dration, nanoprecipitation, and microfluidic mixing [141]. Conven-
tional preparation involves rapid mixing of some form of aqueous and
lipid components. However, microfluidic technology has gained
increasing popularity in recent years due to its enhanced reproducibility
and control over liposome size uniformity. Microfluidics enables precise
modulation of liposome size and encapsulation volume by altering flow
parameters [142]. Microfluidic liposome preparation techniques can be
classified into droplet-based and continuous flow-based systems [143].
Liposome preparation relies on the power of self-assembly, where lipid
components spontaneously organize into nanoscale structural entities
based on intermolecular interactions. Liposome formation begins with
electrostatic interactions between negatively charged nucleic acids and
positively charged lipids, followed by growth driven by hydrophobic
and van der Waals interactions between the lipid components [144].

4.3.3. Liposome applications in kidney diseases

The structural features of the kidney dictate that particles smaller
than 10 nm can be rapidly cleared by the kidney, while particles larger
than 150 nm are eliminated by phagocytosis of the immune barrier
[145,146]. Therefore, liposomes in the range of 10-150 nm can achieve
targeted drug delivery to the kidney. Additionally, the excellent
biocompatibility, surface modification properties, membrane perme-
ability, and cell-uptake capability of liposomes make them ideal candi-
dates for kidney disease applications. Specific size tailoring of liposomes
using microfluidic technology, surface ligand modification, or alteration
of their composition can effectively achieve specific passive and active
targeting to kidney diseases. For instance, surface modification with
E-selectin antibody [147], integrin allbp3 [148], glucose ligand [149],
and CD44 receptor [150] has been employed to achieve active targeting
in the kidney. Antibody-based targeting is another effective strategy for
promoting kidney targeting of liposomes. For example, Fab fragments
targeting the mesangial cell-specific ligand Thyl.1 demonstrated
six-fold higher kidney accumulation of targeted liposomes compared to
unmodified liposomes and effectively anchored and colocalized with
mesangial cells [151]. Besides surface modification, altering liposome
charge can also facilitate kidney active targeting. For instance, incor-
porating TRX-20 into the liposome surface generates a positive charge,
which not only facilitates electrostatic attraction of negatively charged
drugs (particularly nucleic acids) into the liposome assembly but also
enhances liposome targeting to endothelial cells and mesangial cells
[152]. Fang et al. designed a liposome-nanoparticle hybrid for
co-delivery of dexamethasone and TGFp1-siRNA to effectively inhibit
glomerular inflammation and fibrosis. They comodified AuNPs with
PEG and o8 integrin antibody to obtain gold nanoparticle immunoli-
posomes (Au-ILs). Next, Au-ILs were loaded with dexamethasone and
TGFpB1 siRNA to obtain DXMS/siRNA@Au-ILs. The results of cell ex-
periments showed that about 95 % of cells were still alive when
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co-cultured with nanoparticles for 48-72 h. This indicates that lipo-
somes have low cytotoxicity and good safety as a drug delivery system
[153]. Overall, whether through size modulation or surface chemical
modification, the targeted application of liposomes for kidney diseases
holds immense promise.

4.4. Low-dimensional nanomaterials

Low-dimensional nanomaterials have attracted significant attention
in the biomedical field due to their unique properties arising from their
atomic thickness in one or more dimensions. These materials can exhibit
exceptional flexibility and maintain excellent performance. Low-
dimensional nanomaterials are classified as OD, 1D, or 2D based on
their size and aspect ratio. Their atomic structures and morphologies are
shown in Fig. 1 [154]. Common examples of low-dimensional nano-
materials include carbon nanotubes, quantum dots, graphene, MXenes,
and black phosphorus nanosheets. The rich binding sites, excellent
cellular permeability, and high surface area of low-dimensional nano-
materials make them ideal materials for efficient drug and biomolecule
loading, specific surface modification, and targeted cellular delivery
[155]. Here, we focus on several representative low-dimensional
nanomaterials and their applications and advantages in the kidney field.

4.4.1. Ceria nanoparticles

Ceria nanoparticles (CeNPs) are a type of zero-dimensional nano-
material, meaning they are confined to the nanoscale in all three di-
mensions and exhibit uniform size characteristics in each dimension
[156]. Unlike traditional lanthanide elements, cerium can exist in a
stable form as both tetravalent and trivalent cations in physiological
solutions. This is attributed to the relatively low reduction potential of
Ce4+ (1.74 V at 1 m HCIO4), which facilitates the redox switching be-
tween Ce3-+ and Ce4+. As a result, CeNPs have been extensively studied
as antioxidants in the biomedical field. In fact, the free radical scav-
enging properties of CeNPs can be compared to those of natural enzymes
(such as SOD, CAT, and GPX) and non-enzymatic antioxidants (such as
ascorbic acid and glutathione) [157]. For instance, CeNPs can convert
superoxide anions into hydrogen peroxide or molecular oxygen [158].
Their redox cycling can eliminate various types of ROS, offering a sig-
nificant advantage over natural enzymes. Numerous studies have
demonstrated the therapeutic efficacy of CeNPs for various ROS-related
diseases. However, the dosage and administration route vary depending
on the disease type. In the context of kidney disease, oxidative stress
plays a crucial role in the development and progression of acute kidney
injury (AKI). Several studies have reported the use of CeNPs to mitigate
the severe oxidative stress induced by excessive ROS following AKI. For
example, Manne et al. [159] employed CeNPs (10-40 nm) intravenously
injected to significantly alleviate peritonitis-induced AKI. The inter-
vention led to remarkable improvements in glomerular capillary
network damage and tubular injury in the kidneys of treated rats.
Similarly, Zhang et al. [160] synthesized ultra-small CeNPs (3-4 nm)
that effectively accumulated in the kidneys. They found that interven-
tion with ultra-small CeNPs significantly restored serum creatinine and
blood urea nitrogen levels and improved tubular injury and renal cell
apoptosis in an rhabdomyolysis-induced AKI model. In addition, Yu
et al. [25] and Weng et al. [161] demonstrated the efficacy of CeNPs in
treating LPS-induced AKI and cancer chemotherapy-induced AKI,
respectively. These findings collectively highlight the promising thera-
peutic potential of CeNPs for ROS-related kidney diseases and under-
score the immense potential of zero-dimensional nanomaterials in the
kidney field.

Materials Today Bio 31 (2025) 101534

4.4.2. Carbon nanotubes

Carbon nanotubes (CNTs), as one of the most representative one-
dimensional nanomaterials, are formed by rolling up single or multi-
ple layers of graphite sheets and have a large specific surface area
(50-1315 m2 g—1). Their radial dimensions are nanoscale, while their
axial dimensions are microscale, resulting in an aspect ratio far
exceeding that of traditional fiber materials, making them highly effi-
cient drug carriers [162]. Additionally, the remarkable biocompatibility
of CNTs enhanced by surface functionalization, along with their
inherent low or no immunogenicity, has all contributed to their growing
significance in drug delivery and tissue engineering [162-164]. The
clinical application of biomaterials first and foremost requires address-
ing the toxicity, pharmacokinetics, and biodegradation or clearance of
nanomaterials. Therefore, extensive research has focused on surface
functionalization of CNTs to achieve their clinical safety. Through
functionalization, CNTs can simultaneously accommodate both lipo-
philic [165] and hydrophilic drugs [166]. Moreover, CNTs can them-
selves enter the cytoplasm through various energy-dependent pathways,
such as endocytosis and phagocytosis, significantly enhancing the abil-
ity to deliver drugs to cells [164,167]. The application of CNTs in the
kidney field has already been reported. For instance, Alidori et al.
employed ammonium-functionalized single-walled carbon nanotubes
(fCNTs) to mediate the targeted and efficient delivery of siRNA to renal
proximal tubule epithelial cells. Approximately 22 % of the dose was
localized to the kidney within 1 h after injection, indicating good
specificity and stability of the platform in vivo. The fCNT delivery sys-
tem resulted in a 10-fold increase in siRNA accumulation in the kidney
compared with the control. Compared to siRNA alone, f{CNTs improved
siRNA delivery efficiency and effectively knocked down the expression
of several target genes, including Trp53, Meplb, ctrl, and EGFP. Their
findings demonstrated that f{CNT-mediated siRNA delivery successfully
reduced the expression of related mRNA and proteins in the kidney
following cisplatin-induced AKI injury, minimized fibrosis and immune
cell infiltration, and exhibited excellent blood clearance, bio-
distribution, and renal clearance in monkeys. Additionally, the results
also showed good biocompatibility of fCNT and siRNA, and no neph-
rotoxicity was observed. The fCNT/si Trp53/si Meplb combination was
also able to maintain the message and protein expression of p53 and
meprin-1 at baseline after nephrotoxic injury and pharmacoologically
protected mice from renal injury [168]. These results strongly support
the potential of CNTs in the field of kidney disease therapy. Of course, if
this study can further verify the therapeutic effect on AKI induced by
different causes or other kidney disease models, it will be important to
evaluate the long-term biological safety of this agent to promote further
application.

4.4.3. Graphene and its derivatives

Graphene, a single layer of graphite, is one of the most prominent
carbon nanomaterials alongside fullerenes and carbon nanotubes. It is a
two-dimensional structure composed of sp2-hybridized carbon atoms
[169]. Graphene-based nanosheets (GNS), including graphene nano-
sheets, graphene oxide nanosheets (GO), and reduced graphene oxide
nanosheets (rGO), have nanoscale lateral dimensions [170,171]. Their
exceptional surface area enables maximum adsorption of various com-
pounds, including drugs, antibodies, proteins, and nucleic acids (such as
aptamers) [171]. This property lays the foundation for the application of
graphene-based nanosheets in drug delivery and immunoassays.
Numerous methods exist for producing graphene-based nanosheets.
While the initial physical exfoliation method is simple, its limited scal-
ability restricts its applicability for large-scale production. Therefore,
researchers predominantly employ chemical exfoliation methods,
including GO and rGO, to synthesize graphene-based nanosheets. GO
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possesses abundant oxygen-containing functional groups, such as
carboxyl, hydroxyl, carbonyl, and epoxy groups, on its surface. These
groups allow for the attachment of various molecules (e.g., proteins,
peptides, nucleic acids) or nanomaterials to the GO surface via n-x in-
teractions, hydrogen bonds, or chemical reactions (e.g., amination,
esterification) [172]. Tyagi et al. developed cellulose acetate
(CA)-functionalized graphene oxide (GO) beads (~1.5-2 mm) for direct
hemoperfusion to treat kidney dysfunction. Their study demonstrated
that CA-functionalized GO effectively adsorbs toxins from the blood-
stream, including creatinine, urea, and bilirubin, while preserving red
blood cells, white blood cells, and platelets. In vitro experiments
revealed that the intervention effectively restored creatinine and urea
levels within 2 h, offering a potential therapeutic strategy for patients
with renal failure [173].

Furthermore, Fu et al. investigated the therapeutic efficacy of a
fasudil (FSD)-loaded graphene oxide-bovine serum albumin (GO-BSA)
biocomposite for treating sepsis-induced AKI. Their findings indicated
that intraperitoneal injection of GO-BSA/FSD significantly improved
serum creatinine and blood urea nitrogen levels following endotoxin-
induced AKI. Histological evaluation revealed a marked reduction in
glomerular and vascular pathology scores in the treated kidneys,
demonstrating the substantial protective effect of GO-BSA/FSD against
sepsis-induced AKI in rats. Furthermore, the cell viability was judged by
morphological assessment of live/dead staining measurements, and the
results showed that the structure of HEK293 cells was barely distin-
guishable from that of the control cells, indicating the good biocom-
patibility of the GO nanosheets [174].

4.4.4. MXenes

MXenes, a class of two-dimensional nanomaterials, are transition
metal carbides, nitrides, and carbonitrides with a “concertina-like”
microstructure. They are prepared by selectively etching the A atomic
layer of the corresponding 3D MAX phase. The general chemical formula
of MXenes is Mn+1XnTx, where M represents a transition metal (e.g., Ti,
Y, Zr, Hf, V, W, Nb, Ta, Cr, Sc), X denotes C and/or N, and Tx represents
surface functional groups (e.g., O, OH, F) determined by the starting
materials and synthesis methods [175]. Two-dimensional nanomaterials
have attracted considerable attention due to their exceptional loading
capacity (for drugs, imaging agents, and 0D nanoparticles), photo-
thermal conversion, and catalytic properties [176]. Compared to con-
ventional two-dimensional nanomaterials, the properties of MXenes (e.
g., bandgap, elemental composition, photothermal conversion effi-
ciency) can be readily tuned by adjusting size, surface modification, and
elemental composition [177,178]. Importantly, the abundant functional
groups (e.g., OH/-F/-CL) on MXene surfaces facilitate the loading of
other functional nanomaterials (e.g., imaging particles, nanozymes, and
nanosensitizers), enabling them to acquire additional functionalities and
achieve synergistic treatment of biological diseases [179]. In the context
of kidney disease, Zhao et al. employed polyethylene pyrrolidone
(PVP)-modified ultrathin single-layer Ti3C2 MXene nanosheets to
construct a novel nanozyme for AKI therapy. PVP modification
enhanced the colloidal stability and biocompatibility of MXene nano-
sheets. The TEM results indicate that the nanodots produced by MXene
degradation can be rapidly excreted from the body, thus suggesting that
the long-term toxicity of MXene nanosheets is negligible. In addition,
intracellular degradation assays confirmed that MXene could be
degraded by cells, and excretion routes such as urine and feces showed
that nearly 35 % of the Ti content was excreted from the mice 24 h after
intravenous injection. Therefore, Ti3C2 MXene generally exhibits good
biocompatibility and biodegradability as a potential biomaterial for
clinical demand. Additionally, leveraging the high reactive activity of
MXene towards ROS, the nanozyme rapidly cleared excessive ROS in the
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injured areas of the kidney following AKI, effectively suppressing
oxidative stress progression. Their findings further demonstrated that by
eliminating excess ROS, MXene nanozymes could exert antioxidative
and anti-inflammatory protection through the inhibition of the nf-kb
signaling pathway [180]. Unfortunately, they only explored the inhib-
itory effect of MXene ‘s own ROS scavenging on AKI, ignoring the strong
loading capacity of MXene, and did not carry out drug delivery for the
treatment of kidney disease. With the deepening of research, we believe
that MXene nanosheets can play a greater potential in the field of kidney
disease treatment through surface modification and drug loading.

4.4.5. Black phosphorus nanosheets

Since its discovery in 2014, black phosphorus (BP) has garnered
immense research interest due to its unique structure and remarkable
properties [181]. As the most stable allotrope of phosphorus, BP consists
of puckered honeycomb layers of phosphorus atoms held together by
strong intra-layer P-P bonds and weak interlayer van der Waals forces
[182]. Consequently, ultrathin single-layer or multilayered nanosheets
can be exfoliated from bulk BP by disrupting the weak interlayer in-
teractions. Common approaches include “top-down” or “bottom-up”
methods [183]. Compared to other two-dimensional nanomaterials (e.
g., graphene), the 2D puckered structure of BPNSs (black phosphorus
nanosheets) results in a larger surface area, making them inherently
advantageous for drug loading. Additionally, the abundant surface
modification sites on BPNSs allow researchers to tailor their surface
properties to suit specific experimental needs. This capability not only
enables modulation of BPNSs’ behavior in vivo, such as cellular uptake,
transport, and clearance, but also permits their functionalization with
multiple recognition molecules, imparting active targeting abilities.
Notably, BPNSs can degrade in vivo to non-toxic phosphates, further
promoting their biomedical applications [184-186]. In the context of
kidney disease, BPNSs’ high ROS (reactive oxygen species) scavenging
activity, excellent biodegradability, and large surface area make them
an ideal candidate for therapeutic intervention. Notably, the
honeycomb-like structure of BPNSs resembles the architecture of
glomerular filtration units, enabling passive transport to the kidneys and
achieving efficient drug accumulation. This property significantly en-
hances the efficacy of kidney-specific drug delivery. Hou et al. pioneered
the exploration of BPNSs for AKI (acute kidney injury) therapy. Their
findings demonstrated that intravenous administration of BPNSs in
rhabdomyolysis-induced AKI mice effectively suppressed AKI progres-
sion. As expected, BPNSs rapidly accumulated in the kidneys following
injection, promptly scavenging excessive ROS and degrading into
oxidized phosphorus upon ROS reaction. Further investigation revealed
that BPNS intervention mitigated cellular apoptosis in the kidneys of AKI
mice, significantly restored serum creatinine and blood urea nitrogen
levels, and substantially reduced renal tissue structural damage [75].
Based on these findings, BPNSs can serve as kidney-targeted shape--
dependent transporters, enabling precise drug delivery to the kidneys
through therapeutic agent loading or surface modification. Additionally,
BPNSs’ inherent ROS scavenging activity effectively eliminates exces-
sive ROS and suppresses oxidative stress progression, making them a
promising nanomaterial for kidney disease therapy.

4.5. Functionalized framework nucleic acids

4.5.1. Tetrahedral framework nucleic acids

Since their successful development by Turberfield, tetrahedral
framework nucleic acids (tFNAs) have garnered significant attention
due to their versatile functionalization strategies and broad applications
in various biomedical fields [187]. Considered the simplest polyhedron,
tFNAs encompass both DNA and RNA tetrahedra. In the realm of
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biomedical applications, tFNAs offer numerous inherent advantages,
including biocompatibility, biodegradability, structural stability,
exceptional programmability, functional diversity, and ease of cellular
internalization. Compared to traditional nanomaterials, tFNAs exhibit
superior cellular uptake properties. Fan et al. demonstrated that by
orienting tFNAs with their corners attached to the cell membrane,
electrostatic repulsion is minimized, leading to charge redistribution.
Subsequently, tFNAs are internalized via a caveolin-mediated pathway
and enter lysosomes through a microtubule-dependent mechanism
[188]. This efficient cellular uptake significantly enhances intracellular
drug delivery, rendering tFNAs natural drug delivery vehicles.
Furthermore, tFNAs possess high ROS (reactive oxygen species) scav-
enging activity, effectively eliminating excessive ROS within cells under
pathological conditions. Notably, tFNAs’ shape and function can be
tailored through programming techniques. Oligonucleotides can be
incorporated into the ends of single-stranded DNA, and functional
molecules can be inserted into double-stranded DNA during synthesis
via extension, chemical crosslinking using complementary sequences, or
electrostatic interactions, imbuing tFNAs with novel functionalities
[189]. The most common method for tFNA fabrication is the
single-strand annealing method, where at least four specially designed
complementary single strands can rapidly hybridize upon annealing to
form a tetrahedral structure. In 2023, Yan et al. developed a
Typhaneoside-Tetrahedral Framework Nucleic Acids System (TTC) for
AKI (acute kidney injury) therapy. By encapsulating Typhaneoside (Typ)
within 20 nm tFNAs, the bioavailability of Typ was significantly
enhanced. Their results showed that TTC could precisely target mito-
chondria in renal tubular epithelial cells after AKI. In vitro and in vivo
results showed that TTC could effectively restore mitochondrial function
and ameliorate apoptosis, thereby inhibiting kidney injury and restoring
kidney function with non-nephrotoxicity both in vitro and in vivo [190].
While the application of tFNAs in kidney disease therapy remains rela-
tively unexplored, their exceptional ROS scavenging capabilities and
remarkable programmability hold immense promise for this therapeutic
area.

5. Microenvironment-responsive delivery systems

With the advancement of nanotechnology, the development of
microenvironment-responsive drug delivery systems has gained signif-
icant attention. By loading drugs or biomolecules onto responsive de-
livery systems, targeted delivery can be achieved in specific regions
under specific microenvironments, maximizing the bioavailability of
drugs or biomolecules. The localization and release of drugs at specific
sites can be accomplished through the stimuli-responsive delivery sys-
tem in response to specific pathological and physiological microenvi-
ronments (e.g., ROS, pH, and enzymes). Details are as follows.

5.1. ROS-responsive strategies

ROS (reactive oxygen species) play a crucial role in damage repair
processes by regulating oxidative stress and inflammatory signaling
pathways. Common ROS include superoxide (O2 -), hydrogen peroxide
(H202), peroxide anion (HO2 -), ¢OH, 102, peroxynitrite (ONOO -), and
hypochlorite (OCl -) [191]. Under physiological conditions, a certain
level of ROS is necessary to promote cell survival, proliferation, and
growth, as well as vascular reactivity in the kidneys. Additionally, ROS
serve as oxygen sensors for cells. However, in pathological states, excess
ROS can be generated by NADPH oxidases (NOX) enzymes, leading to
oxidative stress imbalance and triggering the progression of patholog-
ical lesions. Notably, ROS can also influence the extent of macrophage
infiltration [192], thereby affecting the progression of inflammation.
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Previous studies have demonstrated that oxidative stress imbalance
caused by ROS overload is a major factor contributing to the progression
of kidney diseases, including diabetic nephropathy,
hypertension-associated kidney injury, ischemia-reperfusion injury
(IRI), toxic nephropathy, and various forms of inflammatory syndromes.
During oxidative stress imbalance, renal tubular epithelial cells are the
most vulnerable. As the primary participants in active transport within
the kidney, renal tubular epithelial cells are highly dependent on ATP to
drive the transport of various factors, with ATP generated from glucose
metabolism being the main source. This necessitates the maintenance of
a highly active state of the mitochondrial electron transport chain,
which is extremely sensitive to oxidative stress. Consequently, renal
tubular epithelial cells become the most susceptible to oxidative
stress-induced damage [193]. Moreover, ROS overload-induced oxida-
tive stress can also cause significant damage to the glomeruli. As ROS
overload occurs, mitochondrial oxidative stress intensifies, leading to
the activation of various kinase pathways in mesangial cells [194,195],
such as protein kinase C [196] and protein kinase B/Akt [197]. These
changes alter gene expression within mesangial cells, ultimately leading
to autophagy and apoptosis of podocytes [198] and mesangial cells
[199], promoting fibrosis progression and glomerulosclerosis. There-
fore, timely and effective clearance of ROS to curb oxidative stress
imbalance is an effective strategy for treating kidney diseases. Based on
this principle, researchers have employed antioxidants such as vitamin
C, N-acetylcysteine, coenzyme Q10, and curcumin, or nanomaterials
with ROS scavenging activity (e.g., DNA origami and CeO2 nano-
particles) for kidney disease treatment with promising results.

Despite the promising potential of antioxidants and antioxidant
nanomaterials for kidney disease treatment, several challenges remain,
including low kidney accumulation efficiency, short half-lives, and se-
vere systemic side effects. To address these limitations, researchers have
shifted their focus to developing ROS-responsive antioxidant formula-
tions/materials that can trigger localized high-efficiency drug release in
response to the elevated ROS levels in damaged kidney regions.
Commonly employed ROS-responsive functional groups include thio-
ethers, oxalates, and thioaldehydes, which can undergo cleavage under
high ROS conditions [200]. Du et al. encapsulated atorvastatin and tri-
phenylphosphine (TCeria NPs)-modified ceria nanoparticles within an
ROS-responsive organic polymer (mPEG-TK-PLGA). This formulation
achieved targeted and responsive drug release in the high-ROS regions
of damaged tissues following AKI, significantly suppressing AKI pro-
gression [25]. However, the authors only carried out the animal model
verification of sepsis-related AKI, and it will undoubtedly be more
beneficial for the further promotion and application of the agent if more
pathogenic AKI models can be verified. Similarly, Liu et al. utilized
ROS-sensitive thioketal modification of SS31 (a mitochondria-targeted
antioxidant) to enable its ROS-responsive release. This approach effec-
tively mitigated mitochondrial damage, reduced oxidative stress, sup-
pressed inflammation, and inhibited cellular apoptosis following AKI,
substantially enhancing the therapeutic efficacy of SS31. More impor-
tantly, the cytotoxicity of SS31 on HK-2 cells in vitro was determined by
MTT assay, and the survival rate of treated cells was still higher than 95
% when the concentration of SS31 was up to 500 pg/ml, indicating that
SS31 had excellent biological safety [201]. These studies highlight the
potential of ROS-responsive drug delivery vehicles to effectively target
the damaged areas associated with kidney disease progression, enabling
precise and localized drug release. By maximizing drug utilization,
ROS-responsive drug delivery systems represent a promising strategy for
targeted kidney disease therapy.
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5.2. PH-responsive strategies

PH-responsiveness is another widely employed targeting strategy for
responsive drug delivery systems, apart from ROS-responsiveness. Un-
like the physiological pH of 7.4, the pH of pathological areas (e.g.,
cancer, bacterial infections, inflammation) can undergo significant al-
terations. Utilizing differential pH to trigger targeted drug release in
specific regions has gained increasing popularity. pH-responsive drug
delivery systems encompass liposomes, micelles, hydrogels, dendritic
macromolecules, and organic-inorganic hybrid nanoparticles. In the
context of kidney disease, numerous studies have demonstrated the ef-
ficacy of pH-responsive drug release for targeted therapy of kidney
lesion areas. Liu et al. successfully constructed a pH-responsive CD44-
targeted nanoparticle by modifying mitochondria-targeting peptide SS-
31 with cationic chitosan (CS) and anionic HA. Their findings revealed
that under physiological pH (7.4), SS-31 remained confined within the
nanoparticles and was not released. However, at pH 5 or 4.5, SS-31 was
rapidly released. In vivo experiments demonstrated that the nano-
particles effectively targeted the kidneys following AKI and released SS-
31 under specific pH conditions. This targeted mitochondrial delivery
effectively improved mitochondrial function, mitigated cellular
apoptosis, and suppressed AKI progression [202]. Yoshitomi et al. pro-
posed a novel therapeutic strategy for AKI treatment, termed “Envi-
ronmental-Signal-Enhanced Polymer Drug Therapy” (ESEPT). Based on
this concept, they developed a poly(ethylene glycol)-b-poly
(methylstyrene) (PEG-b-PMS) block copolymer attached to 2,2,6,6-tet-
ramethylpiperidine-N-oxyl (TEMPO) via an amine linkage
(PEG-b-PMNT). PEG-b-PMNT self-assembles into core-shell polymeric
micelles in aqueous media. Under acidic conditions, the micelles disin-
tegrate due to the protonation of amino groups located in the core of the
nitroxide-radical-containing particle (RNPpH). Simultaneously, RNPpH
exposes the nitroxide radicals, which can catalytically scavenge ROS.
The efficacy of these nanoparticles was demonstrated in an IRI-induced
AKI model, representing another approach for pH-responsive targeted
therapy in the kidneys [203]. However, the overall organ distribution
and in vivo biosafety of PEG-b-PMNT have not been studied in detail by
the authors, and the efficiency of PEG-b-PMNT to reach the kidney has
not been tested, which hinders the possible clinical application of
PEG-b-PMNT to a certain extent. Similarly, Lee et al. fabricated
pH-sensitive poly(2-(diisopropylamino)ethyl methacrylate (PDPA)
polymers to encapsulate a NO donor, a dinitrosyl iron complex (DNIC;
(Fea(p-SEt)2(NO)4)). Under physiological conditions, the nanoparticles
remained stable. However, upon exposure to pH 4.0-6.0, they rapidly
disintegrated, releasing NO to inhibit fibrosis progression. Moreover, the
cytotoxicity results showed that free DNIC exhibited higher cytotoxicity,
while DNIC encapsulated in PBA-NO and PLGA-NO significantly
reduced cytotoxicity due to its slower drug release rate [204]. These
studies collectively demonstrate the promising potential of
pH-responsive targeted drug release strategies for kidney-targeted drug
delivery and therapy.

6. Enzyme-responsive strategies

Enzyme-responsive drug delivery systems (ERDDS) combine the
unique properties of nanomaterials with the responsiveness of biological
enzymes, offering immense potential in bioimaging, disease diagnosis
and treatment, drug delivery, and cellular internalization [205,206].
Compared to other responsive delivery systems, utilizing biological en-
zymes as trigger conditions holds inherent advantages. First, biological
enzymes are naturally occurring within the body, eliminating the need
for external stimuli such as magnetic fields, ultrasound, or light,
ensuring enhanced biocompatibility and safety. Enzymes exhibit
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remarkable specificity for their substrates, ensuring controlled chemical
and biological reactions [207]. Different enzymes exhibit distinct
expression patterns under various pathological conditions. By
leveraging these differences, enzyme-responsive drug delivery systems
can achieve targeted and specific drug release at designated sites.
Currently, proteases, esterases, phosphatases, kinases, and oxidoreduc-
tases are the most widely explored enzyme-responsive categories [208].
ERDDS typically comprise two components: enzyme-responsive moi-
eties and the therapeutic agent to be delivered. The enzyme-responsive
moiety, typically a nanomaterial scaffold, undergoes degradation upon
interaction with the target enzyme. The therapeutic agent can be
attached to the carrier via biodegradable bonds (e.g., ester linkages),
electrostatic interactions between the active ingredient and charged
carriers, or incorporated into the outer lipid membrane or lipid core
[209]. ERDDS have gained significant traction in cancer therapy, capi-
talizing on the unique characteristics of tumor tissues, including leaky
vasculature and diverse enzyme expression profiles. For instance, Zhang
et al. designed and synthesized MMP-2/9-cleavable stimulus-responsive
drug delivery systems for chemotherapeutic drug delivery to solid tu-
mors [210]. Their approach involved inserting an MMP-2/9-cleavable
oligopeptide (GPVGLIGK-NH2, GK8) as a spacer between a-tocopherol
succinate (a-TOS) and methoxy-polyethylene glycol (mPEG2K-NHS) to
generate mPEG2K-GK8-a-TOS (TGK) as the primary component of
MMP-2/9-sensitive micelles composed of d-a-tocopheryl polyethylene
glycol 1000 succinate (TPGS) and TGK (n:n = 40:60). Their results
demonstrated the efficacy of ERDDS in achieving maximized tumor
therapy with minimal systemic toxicity. Similarly, in the context of
atherosclerosis, ERDDS have gained attention. Fang et al. developed
integrin avp3-targeted and CTSK-responsive nanoparticles to control
localized release of rapamycin (RAP) based on the observation of CTSK
enrichment in atherosclerotic lesions [211]. These targeted and
responsive nanoparticles (T/R NPs) were self-assembled from the tar-
geted polymer PLGA-PEG-c (RGDfC) and the CTSK-sensitive polymer
PLGA-Pep-PEG. Their findings revealed that elevated CTSK expression
in lesion areas effectively accelerated RAP release, significantly sup-
pressing OX-LDL uptake and cytokine release by inflammatory macro-
phages, thereby effectively inhibiting AS progression. In addition, the in
vitro cytotoxicity results showed that even high concentration of T/R NP
did not cause any damage to HUVEC and RAW264.7 cells, indicating
that the NPS had good biocompatibility. While ERDDS have not yet been
explored in kidney disease diagnosis and treatment, the kidney disease
pathological microenvironment exhibits rapid upregulation of enzymes
such as hyaluronidase and matrix metalloproteinases under certain
disease conditions. Therefore, ERDDS hold promising potential for tar-
geted therapy of kidney diseases.

The preparation of responsive degradation nanomaterials based on
the characteristics of different pathological microenvironment of kidney
diseases can effectively realize the targeted accumulation and release of
drugs/nucleic acid molecules in the kidney, and effectively improve the
bioavailability of the kidney. However, it is worth noting that the
implementation of the microenvironment responsive degradation
strategy also destroyed the stability of nanomaterials to a certain extent.
Whether it is PH response, enzyme response or ROS response, excessive
design may lead to high microenvironment sensitivity, which may cause
a large number of degradation of nanomaterials in the circulation pro-
cess, seriously reducing their in vivo stability and bioavailability.
Therefore, effective balance between microenvironment response and
stability of nanomaterials is also the premise and basis for ensuring the
kidney targeting of nanomaterials. As Zhu L et al. added high molecular
weight hyaluronic acid (HMW-HA) to the surface of the responsive
degradation MPN coating, the balance between the responsive degra-
dation and the stability of the nanomaterials was maximized, and the
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targeting efficiency was further improved [212].
7. Cell targeting
7.1. Proximal tubule epithelial cells

The proximal tubule (PT) is the most crucial component of the
nephron, both anatomically and functionally, playing a pivotal role in
urine filtration and reabsorption. Activated proximal tubule epithelial
cells (PTECs) can lead to tubulointerstitial nephropathy (TIN), renal
dysfunction, interstitial inflammation, and fibrosis development
through chemotaxis, antigen presentation, and autocrine and paracrine
cytokine secretion modes [213,214]. Therefore, targeted drug delivery
to PTECs holds significant clinical implications for kidney disease
treatment. Numerous studies have demonstrated that efficient targeting
of PTECs can be achieved through rational design and surface modifi-
cation. Examples include carriers modified with receptor-ligand binding
proteins or targeting peptides, water-soluble polymer carriers, prodrugs,
nanoparticles, and more. Low molecular weight proteins (LMWPs)
exhibit remarkable kidney targeting properties, with approximately 80
% of the injected dose being absorbed by the kidneys and exhibiting
minimal accumulation in other parts of the body. Additionally, most
LMWPs are non-immunogenic and possess functional groups that enable
covalent conjugation to therapeutic drugs. Among LMWPs, lysozyme
with a molecular weight of 14 kDa is the most widely employed. Zhang
et al. developed 14-succinyl triptolide-lysozyme (TPS-LZM) for specific
delivery of triptolide (TP) to PTECs. Compared with free TP, TPS-LZM
demonstrated a significantly enhanced overall targeting efficiency
(TE) from 11.74 % to 95.54 %. At extremely low concentrations,
TPS-LZM effectively suppressed ischemia/reperfusion (I/R)-induced
AKI progression, while a mixture of free TP and LZM was ineffective
[215]. Other LMWPs include albumin, cytochrome C, and angiotensi-
nogen [216-219]. Bidwell GL 3rd et al. designed a drug delivery system
with high PTEC targeting specificity. They modified elastin-like poly-
peptides (ELPs) at their NH2-terminus with a cyclic, seven-amino acid
kidney-targeting peptide (KTP). Validation in rat and pig models
revealed that KTP-ELP accumulation in PTECs was over five times
higher than that of ELP, with kidney accumulation 15-150 times higher
compared to other organs [220]. However, the insufficiency is that the
authors only carried out in vivo verification of normal animal models,
lack of relevant verification of disease animal models, and lack of sys-
tematic detection of the overall biological safety in vivo, which also lays
a hidden danger for the possible clinical application of KTP-ELP.

Theoretically, a wide range of nanomedicine delivery systems,
including macromolecular nanoparticles, liposomes, polymeric mi-
celles, and inorganic nanoparticles, can be employed for kidney tar-
geting. Their ability to overcome biological barriers and achieve specific
targeting of particular cells is largely dependent on factors such as
nanoparticle size, surface charge, shape, and density. For instance, Kim
et al. developed hydrophobically modified glycol chitosan (HGC)
nanomicelles (HGC-TAC) loaded with tacrolimus (TAC) to target PTECs
for lupus nephritis treatment. Their findings demonstrated that HGC-
TAC nanomicelles with a diameter of 370 + 22 nm exhibited a signifi-
cantly higher distribution in the kidneys than in other organs in vivo.
Additionally, HGC-TAC effectively alleviated renal dysfunction, pro-
teinuria, and tissue damage in LN mice compared to TAC alone, show-
casing superior therapeutic efficacy due to enhanced PTEC targeting
[221].

7.2. Podocytes

Podocytes, terminally differentiated cells derived from renal
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mesenchymal stem cells, have emerged as a pivotal target for the
treatment of kidney diseases, particularly those characterized by pro-
teinuria. As research into podocytes deepens, it has become increasingly
evident that podocyte injury underlies the molecular mechanisms of
many proteinuric glomerular diseases, including FSGS and diabetic ne-
phropathy. Podocyte dysfunction and subsequent cell death drive the
initiation and progression of these diseases, representing a significant
paradigm shift in our understanding of the pathophysiology of glomer-
ular diseases. This realization has fueled the pursuit of early, targeted
therapies against podocyte lesions as a potential strategy to reverse CKD
[222]. Podocytes are characterized by a unique morphology with a cell
body adorned with primary and secondary foot processes. Adjacent foot
processes interdigitate, forming approximately 10-70 nm slit pores,
which are bridged by a zipper-like protein structure called the slit dia-
phragm (SD) [54]. As a crucial component of the glomerular basement
membrane (GBM), podocytes firmly anchor to the GBM via a3pl
integrin, while cytoskeletal proteins bridge the integrins at the GBM and
the SD proteins at the podocyte membrane, maintaining podocyte
morphology [223]. Current treatment strategies for podocyte
injury-induced glomerular proteinuria primarily involve immunosup-
pressive agents such as glucocorticoids (e.g., prednisolone) and tacro-
limus [224]. However, these therapies are often associated with adverse
effects, including disease recurrence upon drug withdrawal or discon-
tinuation. Therefore, targeted drug delivery to podocytes holds great
promise for treating podocyte-induced kidney diseases. Common ap-
proaches for podocyte-targeted therapy include antibody-modified
carriers or the design of specific nanoparticles. For instance, Viswes-
waran et al. capitalized on the upregulated expression of VCAM-1 on
podocytes under inflammatory conditions to design a VCAM-1-targeted
lipid nanoparticle carrier called SAINT-O-Somes. Compared with
non-targeted rapamycin-loaded SAINT-O-Somes, VCAM-1-modified
rapamycin-loaded SAINT-O-Somes demonstrated superior efficacy in
suppressing AB8/13 podocyte migration [225]. This finding highlights
VCAM-1-based targeted delivery as a viable strategy for podocyte tar-
geting. Hauser et al. developed a specific antibody that effectively binds
rat/mouse podocytes in vivo. The antibody was conjugated to biotin via
single-chain IgG before complexing with siRNA using protamine, a
polycationic nuclear protein commonly used as an siRNA carrier. Their
in vivo studies demonstrated that the complex specifically bound to
podocytes without triggering glomerular complement deposition and
subsequent glomerulosclerosis [226]. The results in vivo showed that
the complex could bind podocytes effectively and did not trigger
glomerular complement deposition to induce glomerulosclerosis injury.
However, the authors only verified it in normal animal models, but not
in disease models, and the efficiency of podocyte targeting under
pathological conditions remains to be explored.

Podocyte targeting by nanoparticles primarily relies on tuning their
particle size and charge to maximize their specific interactions with
podocytes. Bruni et al. synthesized four-armed star polymers with/
without hydrophobic polye-caprolactone cores and brush-like poly
(ethylene glycol) (PEG) hydrophilic shells via controlled/living poly-
merization (ROP and ATRP) to form stable ultrafine colloidal nano-
materials. They controlled the particle size range between 5 and 30 nm
to facilitate GFB penetration and podocyte accumulation. Their findings
demonstrated that the ultrafine colloidal nanomaterials exhibited
excellent biocompatibility without any detrimental effects on podo-
cytes. Further cytotoxicity tests on the nanomaterials also confirmed the
safe cytotoxic characteristics of these polymeric nanomaterials. More-
over, controlled delivery of dexamethasone significantly ameliorated
cytoskeletal disruption and reduced albumin permeability. These
studies pave the way for the development of podocyte-targeted nano-
therapies [30].
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7.3. Mesangial cells

Mesangial cells, matrix-producing cells residing in the glomerulus,
play a crucial role in maintaining glomerular homeostasis and orches-
trating the glomerular injury response. Emerging research highlights the
involvement of mesenchymal matrix cells in regulating physiological
processes such as development, angiogenesis, and cell fate specification.
Through crosstalk with neighboring cells and indirect effects mediated
by matrix remodeling, matrix cells can also modulate pathological
processes like immunity, inflammation, regeneration, and maladaptive
responses (fibrosis). Mesangial cell proliferation and extracellular ma-
trix accumulation are pivotal contributors to CKD progression. There-
fore, targeted drug delivery to mesangial cells represents a promising
approach for kidney disease therapy. The primary goal of mesangial cell-
targeted drug delivery is to suppress their activation and proliferation.
Common carriers for mesangial cell targeting include liposomes and
polymeric nanoparticles. For instance, Morimoto et al. designed and
synthesized TRX-20 (3,5-dipentadecyloxybenzamidine hydrochloride)-
modified liposomes for targeted delivery to mesangial cells. These li-
posomes primarily accumulated in inflamed glomeruli and effectively
inhibited mesangial cell proliferation, thereby curbing fibrosis pro-
gression [227]. The drug characteristics of TRX liposomes, coupled with
their superior mesangial cell targeting, make them a promising option
for mesangial cell-targeted strategies in kidney disease therapy. How-
ever, it is worth mentioning that although the authors have effectively
demonstrated the effective mesangial cell targeting of TRX-20, from the
results of the authors, there is a lack of validation of the distribution of
other organs and the overall animal biosafety, which is the most
important prerequisite to ensure the possible future clinical application
of TRX-20. Similarly, Tuffin et al. developed OX7-coupled
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immunoliposomes (OX7-IL) by coupling liposomes with Fab’ frag-
ments of OX7 mAb directed against Thyl.1 antigen. Their findings
demonstrated that a single injection of low-dose doxorubicin encapsu-
lated in OX7-IL in rats induced extensive glomerular injury without
affecting other parts of the kidney or other organs [151]. For nano-
particles, particle size is a critical determinant of mesangial cell tar-
geting. Guo et al. designed and synthesized three different sized ANs
(75/95/130 nm). Using immunofluorescence staining for the mesangial
cell marker a8-integrin, they found that AN95 exhibited superior
mesangial cell targeting (targeting efficiency of 53.4 %) [29]. Further-
more, surface modification with targeting ligands, such as proteins,
peptides, antibodies, and aptamers, can further enhance nanoparticle
targeting to mesangial cells. Manil et al. prepared ampicillin-loaded poly
(isobutylcyanoacrylate) nanoparticles (ADNPs). Both in vitro and in
vivo experiments demonstrated the excellent mesangial cell targeting
properties of ADNPs. In vitro experiments confirmed that glomerular
mesangial cells internalized ADNPs about five times more efficiently
than epithelial cells [228].

8. Biomimetic engineering
8.1. Cell membrane-camouflaged nanoparticles

Harnessing the inherent functionalities of cell membranes, cell
membrane-camouflaged nanoparticles have emerged as promising tools
for diagnostics and therapeutics in various diseases. These biomimetic
nanoparticles offer several advantages, including prolonged blood cir-
culation, active cellular targeting, and enhanced drug delivery. Of
course, unlike natural exosomes, cell membrane-coated nanoparticles
are based on artificial design. Cell membrane proteins are used to endob
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Fig. 4. Cell Membrane-Coated Nanoparticles. Biomimetic modification of nanoparticles with cell membranes can specifically achieve long circulation, immune

evasion, and inflammation targeting of the nanoparticles.
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nanoparticles with different targeting properties or recycling properties
to achieve the best drug delivery. Currently, with the growing explora-
tion of cell membrane mimicry/camouflage nanotechnology and the
increasing demand for more specific cell membrane functionalities,
strategies to engineer cell membranes beyond their natural properties
through physical engineering, chemical modification, and bio-
functionalization have gained widespread attention. Here, we discuss
the application of cell membrane-camouflaged nanoparticles for tar-
geted therapy in kidney diseases (Fig. 4).

8.2. Red blood cell membrane camouflage

Effective drug delivery hinges on the ability to evade immune
clearance and maintain extended in vivo circulation. Red blood cells
(RBCs), with their unique 120-day half-life, serve as valuable models for
long-circulating injectable carriers [229]. Additionally, RBCs are the
most abundant cells in the human body, with an average of 50 billion
RBCs per milliliter of blood. Mature RBCs lack a nucleus and other or-
ganelles, facilitating the extraction and purification of cell membranes
with minimal interference from impurities [230]. RBCs express several
biomarkers that enable immune cells to recognize them as “self.” These
include the “don’t eat me” signals CD47 and SIRP-«a receptors that pre-
vent phagocytic degradation, as well as the surface membrane proteins
CD59 (a membrane cofactor protein) and complement receptor 1 (CR1)
that suppress complement system component attachment [231]. These
biomarkers effectively shield RBCs from immune clearance. Leveraging
RBC membrane-camouflaged nanoparticles can significantly reduce
inherent immune system clearance. Zhang et al. pioneered the RBC
membrane coating strategy. They isolated RBCs from blood and
employed a two-step method to obtain RBC membrane-camouflaged
nanoparticles: (1) hypotonic treatment to remove intracellular compo-
nents, followed by extrusion through porous membranes to generate
RBC membrane-derived vesicles; (2) fusion of RBC vesicles with poly
(lactic-co-glycolic acid) (PLGA) nanoparticles using mechanical extru-
sion to yield RBC-camouflaged PLGA nanoparticles [102,232]. Studies
have demonstrated that RBC membrane-camouflaged gold nano-
particles [233] and Fe304 nanoparticles [234] effectively evade
macrophage uptake and immune clearance. While RBC
membrane-camouflaged nanoparticles have been extensively explored
for drug delivery, imaging, phototherapy, nanovaccination, and
nano-detoxification, their application in the kidney field remains
limited. Given the advantages of RBC membrane camouflage, we believe
that utilizing this approach to prolong nanoparticle circulation and
evade immune clearance can significantly enhance kidney drug delivery
efficiency. Combining the merits of RBC membrane camouflage with the
physicochemical properties of nanoparticles holds great promise as a
potential strategy for targeted kidney therapy.

8.3. Macrophage membrane camouflage

Immune cell membrane coating nanotechnology has emerged as a
hot research topic in biomimetic nanotechnology in recent years, uti-
lizing good biocompatibility, longer blood circulation time, and
enhanced immune cell-specific migration to inflammatory sites [235,
236]. Among these, macrophage membrane camouflage is the most
commonly used. Macrophages are multifunctional phagocytic cells that
play a crucial role in regulating innate and adaptive immune responses
by recognizing and eliminating foreign invaders (e.g., bacteria, viruses)
from the body through phagocytosis and antigen presentation. Macro-
phages also specifically target tumors, inflammation, and infection sites
through chemotaxis [103]. Their ability to actively recognize and bind
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inflammatory cells through cell adhesion makes them an attractive cell
for improving inflammatory diseases while reducing unnecessary sys-
temic toxicity. Macrophages communicate with their surrounding
environment and different cells by activating or inhibiting specific sig-
nals through surface markers. The cell adhesion molecules (e.g., integ-
rins and selectins) and chemokine receptors on their cell surface can
bind to specific adhesion molecules and inflammatory chemokines to
target specific diseased cells. This has led to increasing research into
utilizing macrophage membrane properties to modify nanoparticles for
targeted therapy of diseases. In general, cell membrane-camouflaged
nanoparticles typically consist of a thin layer of cell membrane encap-
sulating a nanoparticle core, forming a “shell-core” structure. The con-
struction of macrophage membrane nanoparticles can be broadly
summarized as a two-step process: preparation of macrophage mem-
branes and encapsulation of nanoparticle cores with macrophage
membranes. Specifically, a large number of cells are obtained from
culture plates, blood, or tissues. After hypotonic treatment, freeze-thaw
cycles, and sonication, the cells are centrifuged, and the precipitate is
collected. The cell suspension is then disrupted with ultrasound of
appropriate power, and the resulting membrane vesicles are extruded
through a polycarbonate membrane [237]. Four main methods are
currently used to coat nanoparticles with macrophage membranes: in-
cubation, membrane extrusion, sonication, and electroporation. Each
method has its own advantages and disadvantages, but electroporation
is currently the most advantageous. The nanoparticle core and cell
membrane vesicles are injected into a microfluidic chip, and then elec-
trical pulses are used to generate transient pores in the membrane,
facilitating the entry of nanoparticles into the membrane vesicles. This
method has been shown to be more effective in maintaining vesicle
integrity and improving encapsulation efficiency [238]. The many ad-
vantages of macrophage membrane-camouflaged nanoparticles have led
to the application of this biomimetic nanomaterial in the diagnosis and
treatment of various diseases, including cancer, infectious diseases,
cardiovascular diseases, central nervous system diseases, immune dis-
eases, and inflammation. Through their surface receptors, macrophage
membrane-camouflaged nanoparticles have demonstrated excellent
targeting ability to inflammatory tissue regions. In the context of the
kidney, kidney disease development is inextricably linked to inflam-
matory responses. The degree of inflammatory development in renal
tissue, whether in acute or chronic kidney disease, determines the extent
of tissue damage. Therefore, effective targeting of inflammatory regions
within renal tissue is a powerful approach for targeted therapy of kidney
diseases. In 2019, Tang et al. utilized macrophage
membrane-camouflaged dexamethasone (named MV-DEX) to target in-
flammatory regions within renal tissue. Dexamethasone was encapsu-
lated in macrophage membranes by co-incubation. Their findings
demonstrated that MV-DEX could effectively bind to inflammatory tis-
sues in the kidney using integrins oLf2 (LFA-1) and o4pl (VAL-4).
Compared with free DEX treatment, an equimolar dose of MV-DEX
significantly reduced kidney injury and largely suppressed LPS- or
ADR-induced renal inflammation and fibrosis progression.
Mv-dex-treated mice showed a higher survival rate of 45 % compared
with 30 % of free DeX-treated mice. In vitro results further demonstrated
that MV-DEX achieved significant anti-inflammatory effects by inhibit-
ing NF-kB activity with approximately 1/5 the dose of free DEX [239].
This study highlights the promising potential of macrophage
membrane-camouflaged nanoparticles for targeted therapy of kidney
diseases.
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8.4. Platelet membrane camouflage

Over the past few decades, platelet (PLT)-camouflaged nanoparticles
have garnered significant attention due to the unique properties of PLTs
in immune evasion, subendothelial adhesion, and pathogen interactions,
with numerous applications reported in cancer and inflammatory dis-
eases [240-243]. To better understand the potential of PLT-camouflaged
nanoparticles for targeted drug delivery in kidney diseases, it is crucial
to first delve into the structure and functions of PLTs. PLTs are
disc-shaped, anucleate cell fragments with an average diameter of 2-4
pm, produced by mature megakaryocytes in the bone marrow and with a
lifespan of 7-10 days. Traditionally, PLTs have been primarily associ-
ated with hemostasis; however, recent research has revealed their
extensive involvement in various disease processes, including inflam-
mation, immune responses, wound healing, and cancer [244]. Given the
close association between kidney diseases and inflammation, we will
focus on the role of PLTs in inflammatory responses. In summary, upon
inflammation, activated leukocytes and other cells release soluble me-
diators such as chemokines, interleukins, and platelet activating factor
(PAF) into the circulation, effectively activating PLTs. Notably, PLTs can
keenly detect pathogens or pathogenic inflammation and interact with
immune effector cells. By recognizing pathogen-associated molecular
patterns (PAMPs) or damage-associated molecular patterns (DAMPs),
PLTs can efficiently target inflammatory sites/cells through receptors
such as Toll-like receptors (TLRs) and C-type lectin receptors.

Nanoparticles based on PLT membranes enable nanoparticles to
effectively target inflamed tissues without compromising their intrinsic
properties, and can be designed for controlled drug release, such as in
response to reactive oxygen species (ROS). Compared to other bio-
membranes, PLT membranes facilitate immune evasion and prolong in
vivo circulation. In the context of kidney diseases, PLT membrane-
camouflaged nanoparticles hold promising potential for targeted ther-
apy. In 2024, Fei et al. developed PLGA nanoparticles camouflaged with
PLT membranes (PMVs@siRNA NPs) for targeted delivery of TGF-p1-
siRNA. The aim was to achieve kidney-specific targeting and modulate
the TGF-p1 pathway in damaged renal tissue. Their findings demon-
strated that PMVs@siRNA NPs efficiently accumulated in the kidneys of
unilateral ureteral obstruction (UUO) mice and ischemia/reperfusion
injury (I/R) mice 1 h after injection, significantly surpassing accumu-
lation in other organs. Further validation confirmed that by blocking the
TGF-$1/Smad3 pathway, PMVs@siRNA NPs effectively downregulated
TGF-B1 expression, mitigating inflammation and fibrosis progression
[245]. Yao S et al. prepared Platelet membrane-ICG-SS31-PLGA (PISP)
by means of the natural adhesion property of platelet membrane to the
vascular injury site to achieve the specific targeting of the damaged
kidney after AKI. This is a good example of platelet membrane properties
endow nanoparticles with kidney targeting, but it would be interesting if
the authors could further verify the effect of application in different
cause-induced AKI or other kidney disease models [246]. In addition,
Yang et al. also used the impaired vascular convergence property of
platelet membrane to fabricate platelet membrane-coated hybrid
microbubbles (Pla-MBs) to achieve kidney-targeted therapy for
sepsis-induced AKI model [247]. These findings highlight the remark-
able potential of PLT membrane-camouflaged nanoparticles for targeted
therapy in kidney diseases. While current research is limited, the future
prospects for this approach in kidney disease management appear
promising.

9. Conclusion and outlook

With the development of nanotechnology, the application of nano-
materials in the biomedical field has received increasing research and
support. The major challenges in the clinical diagnosis and treatment of
kidney diseases have always been poor kidney targeting and low drug
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delivery efficiency. The maturity of nanotechnology offers potential
solutions to these problems. Many studies have demonstrated that
kidney-specific targeted nano-drug delivery systems can be prepared
through surface modification, shape regulation, and size control [248].
These systems have shown excellent therapeutic effects in kidney dis-
eases. A variety of nano therapies have entered clinical trials, demon-
strating their translational potential. For example, liposomal
formulations targeting renal inflammation have shown promising effi-
cacy and safety in early clinical trials. Furthermore, dual-targeting
nanoparticles that combine passive EPR effects with active ligand tar-
geting mechanisms have significantly improved therapeutic efficiency in
pre-clinical models of kidney disease [249]. However, despite these
advancements, very few kidney-specific targeted nano-drug delivery
systems have been effectively translated into clinical practice. The main
factors can be summarized as follows.

1. Biocompatibility and Biosafety: Achieving physiological standards
for biocompatibility and biosafety remains challenging. Although
many researchers have improved the biocompatibility and biosafety
of nanomaterials through surface modification or biomimetic cell
membrane encapsulation, proving excellent in vitro and in vivo
biosafety, almost all nanomaterials still fail to meet clinical sterile
standards fully. Additionally, the safe use of nanomaterial delivery
systems in the human body cannot be guaranteed 100 %. Therefore,
further addressing the sterile standards of targeted delivery systems
is necessary and crucial. Meeting stringent regulatory standards is
key to driving clinical translation. Cgmp-compliant manufacturing
processes ensure that products meet high quality requirements in
terms of safety and efficacy. For application scenarios such as chronic
kidney disease that require long-term treatment, a comprehensive
long-term safety assessment is essential, especially in terms of bio-
distribution, metabolism, and non-target organ accumulation of
nanomaterials. Collaboration among researchers, regulators, and
industry will help streamline the approval pathway.

2. Commercial Mass Production: Besides biocompatibility and
biosafety issues, another significant challenge for clinical translation
is the commercial mass production to meet clinical demands.
Although nanotechnology is increasingly mature, and the prepara-
tion and production methods of various nanomaterials are continu-
ously updated, a method for high-standard mass production of
certain nanomaterials is still unachievable. Achieving large-scale and
reproducible production of nanomaterials is essential for their clin-
ical applications. Microfluidic synthesis technology significantly
improves batch-to-batch consistency by precisely controlling particle
size, shape, and surface properties, providing reliable technical
support for clinical applications [250]. In addition, spray drying and
extrusion processes have been gradually applied to the preparation
of nanoparticles, further improving the feasibility of industrial pro-
duction [251]. Addressing the high-standard mass production of
nanomaterials has been a consistent focus for researchers. We believe
that achieving high-standard mass production of nanomaterials will
significantly promote clinical translation. Moreover, economic fac-
tors have a significant impact on the clinical promotion of nano-
medicine. The use of biodegradable polymers such as PLGA as
substrates not only enhances biocompatibility but also reduces pro-
duction costs. In addition, the application of efficient production
processes such as solvent evaporation and self-assembly greatly re-
duces resource consumption and improves economy.

All in all, specific targeted treatment of kidney diseases based on
nanomaterials is a possible and feasible strategy. We believe that with
the advancement of nanotechnology, the targeted drug delivery of
nanomaterials in the kidney field will eventually achieve clinical
translation.
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Nanomaterial Type

Targeting Mechanism

Clinical Applications

Key Features

Mesoscale Nanoparticles (MNPs)
[81]

Extracellular Vesicles (EVs) [85]

HA-MNP-DXM [93]

Light Chain-Conjugated PEGylated
PLGA Nanoparticles (LC-NPs)
[95]

Molybdenum-based
polyoxometalate (POM) [99]

Cycloamylose-Cholesteryl-
Spermine (CH-CA-Spe) [130]

Dual-Regulated Functionalized
Liposome-Nanoparticle Hybrids
(Liposome-NP Hybrids) [153]

Cerium Oxide Nanoparticles (CeOz
NPs) [159]

Cerium Oxide Nanozymes (Ceria
Nanozymes) Zhang

Catalytic Activity Tunable Cerium
Oxide Nanoparticles (CNPs)
[160]

Fibrillar Nanocarbon-Based RNA
Interference Delivery System
(fCNT RNAI) [168]

Cellulose Acetate Functionalized
Graphene Oxide Beads (CAGO)
[173]

Fasudil Hydrochloride-Modified
Graphene Oxide-Bovine Serum
Albumin Biocomposite (GO-
BSA/FSD) [174]

Titanium Carbide
Polyvinylpyrrolidone
Nanosheets (TPNS) [180]

Black Phosphorus Nanosheets
(BPNSs) [75]

Tetrahedral DNA Nanostructures
(TDNs) [188]

Typhaneoside-Tetrahedral
Framework Nucleic Acids
Complex (tFNA-Typ Complex,
TTC) [190]

Atorvastatin/Triphenylphosphine-
Modified Ceria Nanoparticles
(Atv/PTP-TCeria NPs) [25]

Serine-Chitosan-TK-SS31
Nanoparticles (SC-TK-SS31 NPs)
[201]

Polymeric

Liposomes

Polymeric

Polymetric

Inorganic

Polymetric

Liposomes

Inorganic

Inorganic

Inorganic

Low-Dimensional

Low-Dimensional

Inorganic

Low-Dimensional

Low-Dimensional

Low-Dimensional

Low-Dimensional
(Tetrahedral
Framework Nucleic
Acids)

Inorganic

Polymetric

Passive targeting to renal tubules

Active targeting via Kim-1 receptor
binding

Active targeting to CD44 receptor on
damaged renal tubular epithelial cells

Active targeting via megalin receptor
expressed on proximal tubule epithelial
cells (PTECs) and RCC cells

Passive targeting via size (<10 nm)
enabling glomerular filtration and renal
accumulation

Active targeting via endocytosis to
tumor cells, VEGF silencing

Active targeting via TGF-p1 silencing
and interaction with glomerular
endothelial cells

Passive targeting to the kidneys by
reducing oxidative stress and
inflammation

Passive targeting via preferential renal
uptake due to optimal size and surface
charge

Passive targeting via preferential renal
uptake due to small size (~3 nm) and
surface modification

Active targeting to proximal tubular
epithelial cells (PTECs) via enhanced
cellular uptake and Trp53/Meplb
silencing

Passive targeting by leveraging surface
adsorption and electrostatic/van der
Waals interactions to bind toxins.

Passive targeting via adsorption of
extracellular matrix proteins and local
retention in renal tissues

Passive targeting via renal
accumulation due to nanosheet
geometry and surface modification

Passive targeting via accumulation in
the kidney due to flake-like framework
and optimal size for renal filtration.

Active targeting via receptor-mediated
endocytosis (caveolin-dependent
pathway)

Active targeting via dual mechanisms:
mitochondria-specific delivery and renal
tubular targeting.

Both Active and Passive targeting:
Passive accumulation in inflamed
kidneys due to enhanced permeability;
Active targeting to mitochondria via
triphenylphosphine (TPP) modification.
Active targeting via interaction with
Kidney Injury Molecule-1 (Kim-1) on
renal tubule epithelial cells and
mitochondrial targeting through SS31.
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Potential treatments for AKI
and CKD

Treatment of AKI

Treatment of AKI, especially
caused by ischemia/
reperfusion (I/R) injury
Treatment of renal cell
carcinoma (RCC) and
proximal tubular injury in
kidney diseases

Treatment of AKI

Treatment of renal cell
carcinoma (RCC)

Treatment of
glomerulonephritis, focusing
on reducing inflammation
and fibrosis

Treatment of AKI induced by
polymicrobial peritonitis

Alleviation of AKI caused by
oxidative stress

Prevention of chemotherapy-
induced AKI

Prevention and treatment of
cisplatin-induced AKI

Treatment of CKD by
removing uremic toxins

Treatment of septicopyemia-
induced AKI

Treatment of AKI by
mitigating oxidative stress
and inflammation

Treatment of AKI

Potential use in targeted drug
delivery for lysosome-related
cellular processes
Treatment of AKI

Treatment of sepsis-induced
AKI

Treatment of ischemia-
reperfusion (IR)-induced AKI

- High renal selectivity (26-fold over
other organs) - Biocompatible and FDA-
approved PLGA core - Encapsulates both
hydrophobic and hydrophilic cargo -
Long renal retention (up to 28 days)

- Kim-1 receptor targeting improves
specificity for damaged renal tubules -
Ability to deliver RNAi therapeutics (e.
8., siRNA) effectively

- Strong targeting via HA-CD44 receptor
interaction

- Specific renal and RCC targeting
through megalin interaction;
Biodegradable and biocompatible
polymer

- High renal uptake, robust ROS
scavenging

- Biodegradable, efficient siRNA
delivery, anti-angiogenesis

- Dual-regulated system ensuring
targeted delivery

- Combination of siRNA and
dexamethasone for enhanced
therapeutic efficacy

- Potent reactive oxygen species (ROS)
scavenger

- Reduces inflammation and apoptosis in
renal cells

- High antioxidant activity via ROS
scavenging

- Preferential renal accumulation and
low systemic toxicity

- Context-dependent ROS scavenging
ability

- Protects renal tissue without
compromising chemotherapy efficacy
- Highly efficient and specific renal
targeting

- Co-delivery of siRNA for Trp53 and
Mep1b for synergistic nephroprotection
- High adsorption efficiency,
biocompatibility, selective removal of
medium and large molecules, suitable for
hemoperfusion.

- Enhanced renal repair through ECM
adsorption

- Sustained drug release and improved
therapeutic efficacy

- Broad-spectrum ROS scavenging
through redox reactions

- Excellent biocompatibility and enzyme-
triggered biodegradability

- Efficient ROS scavenger with high
biocompatibility and degradability.

- Degrades into non-toxic phosphorus
oxides, offering protection against
oxidative damage in ROS-related
diseases

- Biocompatible and structurally stable
- Efficient cellular uptake without
transfection agents

- Enhances bioavailability of
typhaneoside

- Prevents cell apoptosis and restores
kidney function.

- ROS-responsive drug delivery system.
- Antioxidant and anti-inflammatory
effects.

- Protects mitochondrial structure and
function.

- ROS-responsive drug release.

- Dual-targeting to renal tubules and
mitochondria.

(continued on next page)
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Nanomaterial Type

Targeting Mechanism

Clinical Applications

Key Features

pH-Responsive Hyaluronic Acid-
Chitosan-SS31 Nanoparticles
(HA-CS-SS31 NPs) [202]

pH-Responsive Nitroxide Radical-
Containing Nanoparticles
(RNPpH) [203]

pH-Responsive Poly
(Diisopropylamino)ethyl
Methacrylate Nitric Oxide
Nanoparticles (PDPA-NO) [204]

Matrix Metalloproteinase-
Responsive Micelles (MMP-
Responsive Micelles, TGK
Micelles) [210]

Cathepsin K-Responsive and
Integrin avp3-Targeted
Nanoparticles (T/R NPs) [211]

14-Succinyl Triptolide-Lysozyme
Conjugate (TPS-LZM) [215]

Kidney-Targeted Biopolymer (KTP-
ELP Conjugate) [220]

Hydrophobically Modified Glycol
Chitosan-Tacrolimus
Nanomicelles (HGC-TAC
Nanomicelles) [221]

Hydrophobically Modified Glycol
Chitosan-Tacrolimus
Nanomicelles (HGC-TAC
Nanomicelles) [225]

Sheep Anti-Mouse Podocyte
Transporter (Shamporter) [226]

Four-Arm Star-Shaped Polymeric
Nanocarriers (Star-Polymers)
[30]

Polyethylene Glycol-Modified
Liposomes with TRX-20 (TRX-
Liposomes) [227]

Polystyrene Nanoparticles (PS-
NPs) [228]

Red Blood Cell Membrane-Coated
Polymeric Nanoparticles (RBC-
NPs) [102]

P-selectin Binding Peptide-
Modified Extracellular Vesicles
(PBP-EVs) [232]

Macrophage-Derived Microvesicle-
Dexamethasone (MV-DEX) [239]

Platelet Membrane-Vesicle Coated
Poly (lactic-co-glycolic acid)-
siRNA Nanoparticles
(PMVs@siRNA NPs) [245]

Polymetric

Polymetric

Polymetric

Polymetric

Polymetric

Polymetric

Polymetric

Polymetric

Polymetric

Polymetric

Polymeric

Liposomes

Inorganic

Polymetric

Low-Dimension

Liposomes

Polymetric

Active targeting via CD44 receptor
interaction on renal tubular cells and
mitochondrial targeting through SS31

Passive targeting to the renal ischemic
lesion via enhanced permeability and
retention (EPR) effect, and active
targetingthrough pH-triggered
disintegration in acidic environments.
Active targeting via pH-sensitive
disassembly in acidic fibrotic kidney
microenvironments

Active targeting via matrix
metalloproteinase-2/9 (MMP-2/9)-
triggered drug release at tumor sites.

Active targeting via integrin avf3
receptor binding and cathepsin K-
triggered drug release.

Active targeting via megalin receptor-
mediated uptake in proximal renal
tubular epithelial cells (PTECs).

Active targeting via kidney-targeting
peptide (KTP) to proximal tubules.
Passive targeting via enhanced
permeability and retention (EPR) effect
in inflamed kidney tissues.

Passive targeting via enhanced
permeability and retention (EPR) effect
in inflamed kidney tissues.

Active targeting via podocyte-specific
antibody binding and internalization
through endocytosis.

Passive and Active targeting: Crosses
the glomerular filtration barrier (GFB)
and interacts with podocytes via charge
selectivity.

Active and Passive targeting: Active
targeting to chondroitin sulfate
proteoglycans on mesangial cells;
passive accumulation via EPR effect.
Passive targeting via enhanced
accumulation in glomerular mesangial
cells

Passive targeting via prolonged
circulation through immune evasion,
mimicking red blood cells.

Active targeting via P-selectin binding
peptide to injured renal endothelial
cells.

Active targeting via surface integrins
(LFA-1, VLA-4) binding to ICAM-1 and
VCAM-1 on inflamed endothelial cells.

Active targeting via platelet
membrane’s affinity for damaged kidney
sites.

Treatment of AKI

Treatment of renal ischemia-
reperfusion (IR)-induced AKI

Treatment of renal fibrosis
caused by unilateral ureteral
obstruction

Treatment of solid tumors,
particularly MMP-2/9-
overexpressing cancers

Treatment of atherosclerosis

Treatment of renal ischemia-
reperfusion (I/R) injury and
immunological renal diseases

Treatment of chronic kidney
disease, acute kidney injury
Treatment of kidney
transplant rejection

Treatment of kidney
transplant rejection

Treatment of glomerular
diseases

Treatment of CKD, focusing
on proteinuria-related
conditions.

Treatment of
glomerulonephritis by
reducing mesangial cell
proliferation.
Investigational tool for
studying mesangial cell
dynamics in glomerular
diseases.

Treatment of cancer by
improving drug delivery and
minimizing immune system
clearance.

Treatment of ischemic AKI

Treatment of renal
inflammation and fibrosis in
nephropathy.

Treatment of AKI and CKD.

- Effective reduction of oxidative stress
and cell apoptosis.

- Dual-targeting (renal tubular cells and
mitochondria)

- pH-responsive drug release

- Enhanced antioxidant and anti-
inflammatory effects.

- pH-sensitive disintegration for ROS
scavenging.

- Minimized side effects by
compartmentalizing nitroxide radicals.

- Efficient antifibrotic effects through NO
delivery.

- pH-responsive release for controlled
targeting.

- Low systemic toxicity and high
biocompatibility.

- Stimuli-responsive release at tumor
sites.

- Enhanced tumor accumulation via EPR
effect.

- Dual-targeting mechanism.

- Controlled rapamycin (RAP) release for
enhanced efficacy.

- High renal specificity with reduced
systemic toxicity.

- Enhanced therapeutic efficacy
compared to free triptolide.

- High renal specificity.

- Low toxicity and biodegradable.

- High biocompatibility with reduced
systemic toxicity.

- Enhanced drug accumulation in the
kidneys.

- High biocompatibility with reduced
systemic toxicity.

- Enhanced drug accumulation in the
kidneys.

- Specific siRNA delivery to podocytes.

- Minimal off-target effects and immune
activation.

- Ultrasmall size (5-30 nm) for effective
filtration.

- Biodegradable hydrophobic core with a
PEG shell for high stability.

- Enhanced glomerular accumulation.

- Effective at lower doses compared to
conventional formulations.

- High uptake efficiency by mesangial
cells.

- Tunable size and charge for targeted
studies.

- Long circulation time through immune
evasion.

- Biomimetic coating ensures high
biocompatibility.

- Targeted delivery for renal repair.

- Reduces fibrosis and enhances
therapeutic outcomes.

- Enhanced kidney-specific drug
delivery.

- Reduced systemic glucocorticoid side
effects.

- Enhanced renal targeting through
platelet membrane coating.

- Reduces renal fibrosis and
inflammation.
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