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Renal fibrosis is the result of all chronic kidney diseases and is becoming a major global health hazard.
Currently, traditional treatments for renal fibrosis are difficult to meet clinical needs due to shortcomings
such as poor efficacy or highly toxic side effects. Therefore, therapeutic strategies that target the
kidneys are needed to overcome these shortcomings. Drug delivery can be attained by improving drug
stability and addressing controlled release and targeted delivery of drugs in the delivery category.
By combining drug delivery technology with nanosystems, controlled drug release and biodistribution
can be achieved, enhancing therapeutic efficacy and reducing toxic cross-wise effects. This review
discusses nanomaterial drug delivery strategies reported in recent years. Firstly, the present review
describes the mechanisms of renal fibrosis and anti-renal fibrosis drug delivery. Secondly, different
nanomaterial drug delivery strategies for the treatment of renal injury and fibrosis are highlighted. Finally,
the limitations of these strategies are also discussed. Investigating various anti-renal fibrosis drug delivery
strategies reveals the characteristics and therapeutic effects of various novel nanosystem-derived drug
delivery approaches. This will serve as a reference for future research on drug delivery strategies for
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1 Introduction

Acute kidney injury (AKI) and chronic kidney disease (CKD) are
the two major categories of kidney disease, with CKD account-
ing for far more patients than AKI. According to the Global
Burden of Disease (GBD) and World Health Organization
(WHO) estimates, CKD caused 1.2 million deaths in 2015."?
Based on WHO forecasts, the death rate from CKD is expected
to increase by 14 per 100 000 by 2030.> The quantity of people
with kidney disease is amplified as a result of the New Crown
epidemic, and the mortality rate for CKD is likely to be higher
than the prediction of WHO.* A study of global chronic kidney
disease from 1990-2017 showed that the majority of CKD
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patients worldwide were concentrated in stages 1-3, accounting
for 97.8 percent of all patients. The CKD stage 4 and CKD stage
5 accounted for 1.76 percent and 0.77 percent of the total
patients, respectively. Many CKD patients were concentrated
in stages 1-3, which accounted for 97.8 percent of all patients,
while CKD stage 4 and CKD stage 5 accounted for 1.76 percent
and 0.77 percent of the total proportion of patients, respec-
tively. As a result, renal fibrosis is increasingly becoming a
global health problem.>®

Renal fibrosis is a pathological change that progresses over
time, causing the functionality of the kidneys to alter from
healthy to damaged or injured. This change can be majorly
categorized into three stages: the inflammatory response
phase, the fibrosis formation phase, and the scar formation
phase.”® High levels of matrix deposition and interstitial
fibroblast activation and proliferation are hallmarks of renal
fibrosis. Additionally, damaged renal tubular epithelial cells
and inflammatory cells secrete several growth factors and
mediators that support angiogenesis and lymphangiogenesis.
These observations are typical of a range of renal fibrosis
illnesses. Conventional treatments for renal fibrosis mainly
include drug therapy, lifestyle modification, and renal replace-
ment therapy. However, the shortcomings of these treatment
modalities gradually make it difficult to meet clinical needs.
Pharmacological treatment of renal fibrosis usually slows down
the process of renal fibrosis by using immunosuppressants,
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hormone-regulating drugs, and blood pressure-controlling
drugs. However, the ability of these drugs to control the
progression of renal fibrosis is limited. The adverse effects of
drug therapy are hard to ignore, such as those due to using
immunosuppressants, which may lead to an increased risk
of infection, and hormone therapy, which may lead to osteo-
porosis. Clinical investigations on other proposed options,
such as connective tissue growth factor inhibitors, bone mor-
phogenetic protein (BMP)-7 agonists, and transforming growth
factor (TGF)-B antagonists, have yielded substandard results.’
Renal replacement therapies such as haemodialysis and peri-
toneal dialysis can only partially replace the functioning of
the kidneys. They do not fully mimic normal physiological
processes, and long-term reliance on these therapies may have
a serious impact on the quality of life of patients. In addition,
renal replacement therapy carries the risk of complications,
such as cardiovascular problems and infections. Drug delivery
challenges are a major contributor to the struggle to meet
expectations for renal fiber therapy.

A set of technologies known as “drug delivery technology”
controls all aspects of the distribution of medication in an
organism, including its location, timing, and dosage. Drug
delivery can be achieved by improving drug stability, addres-
sing controlled release, and battered drug delivery in the
delivery category. Incorporating drug delivery into renal anti-
fibrotic therapy enhances drug targeting to the kidneys,
improves Dbioavailability, and reduces damage to other
organs.'® More importantly, the use of drug delivery technology
holds the promise of developing a novel clinical treatment
strategy for renal fibrosis (Fig. 1). This review focuses on
research advances in drug delivery-based therapeutic strategies
for renal fibrosis. It focuses on the drug delivery strategies for
renal antifibrosis, as well as the methods of administrating
medications to the kidneys and renal fibrosis. We also present
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these summaries to guide research on drug delivery strategies
for renal fibrosis treatment.

2 Mechanisms of renal fibrosis

Fibrosis is a pathological extension of the normal healing
method for wounds, marked by damage, inflammation, myofi-
broblast activation and migration, deposition of the matrix, and
remodeling. Much of the pathophysiology of renal fibrosis is the
same as that of other fibrotic diseases, such as cirrhosis,"
cardiomyopathy,'? and idiopathic pulmonary fibrosis."* However,
there are currently no clinically approved targeted antifibrotic
therapies for the kidneys, possibly since there is still much to
learn about the intricate processes that create and propel fibrosis.
Among the key mechanisms of renal fibrosis that have increased
more agreements are the heterogeneousness and procedures
involved in myofibroblast formation, and the role of immune
cells and injured epithelial cells and the mechanisms of their
interaction (Fig. 2).®

The main source of resident fibroblasts, pericytes, and their
subpopulations is myofibroblast-derived tissue. Smooth muscle
cells-mainly reactive cells found in pathological circumstances
like injury or cancer-combine characteristics of fibroblasts and
myofibroblasts. Alpha-smooth muscle actin (2-SMA), which
generates stress fibers - bunches of myofilaments, is the great-
est indicator of the myofibroblasts. These fibers under stress
are essential for attaching myofibroblasts to the extracellular
matrix (ECM), and excessive deposition of the ECM is charac-
teristic of renal fibrosis. The extracellular matrix (ECM) is a
complex reticular dynamic structure composed of macromole-
cules secreted by cells into the extracellular mesenchyme;
under normal physiological conditions, ECM catabolism and
synthesis are in dynamic equilibrium; under pathological
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Fig. 1 (A) Percentage of therapeutic agents used for renal fibrosis drug delivery. (B) Percentage of target sites for renal fibrosis drug delivery. (C) Research
advances in renal fibrosis drug delivery therapy in the last 5 years (source: web of Science, 25 March 2024). (D) Key developments in drug delivery system-

based therapy for renal fibrosis.
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Fig. 2 Potential intervention targets and the cellular crosstalk that drives kidney fibrosis.® Reproduced with permission. Copyright 2023 Elsevier Ltd.

conditions, there is an increase in synthesis and a decrease in
catabolism, with an eventual overdeposition of the ECM and an
accompanying up-regulation of myofibroblast activity, resulting
in a chronic macrophage- and immune-cell infiltrating inflam-
matory environment with infiltration of macrophages and
immune cells. As the structure of the matrix changes and
hardens with excessive ECM deposition, mechanical forces
are exerted on the matrix as the cells contract, causing reorga-
nisation and wound closure during the healing process.
PDGFR-B, the receptor for the platelet-derived growth factor,
is expressed by all myofibroblasts. Furthermore, one important
regulator of myofibroblast development during fibrosis is
transforming growth factor-beta 1 (TGF-B1). Researchers have
demonstrated the major role of myofibroblasts in renal fibrosis
by deleting oV integrins and cutting off signaling that transmits
pro-fibrotic TGF-f3 using the PDGFR-B-Cre driver, which led to
the observation of a significant reduction in renal fibrosis.™
In addition to myofibroblasts, renal tubulointerstitial fibro-
sis in the kidneys is caused by a variety of cells, including
tubular epithelial cells, mesenchymal stromal cells, endothelial
cells, and inflammatory cells. The formation and progression of
renal fibrosis is coordinated by these cells’ intimate communi-
cation.'” One of the main processes causing renal fibrosis in
these many cellular components is believed to be crosstalk
between the injured renal tubular epithelial cells and mesench-
yme. The researchers observed renal fibrosis driven by specific
damage to the renal tubules of model mice, suggesting that
damaged tubules are a critical component in the progress of
renal fibrosis. The fibrosis is greatly influenced by the potential
interaction between the injured tubules and the immune cells
or mesenchyme.'®'” Vascular damage and capillary thinning
are also major contributors to renal fibrosis. Renal damage in
humans due to chronic kidney disease is characterized by
peritubular capillary thinning. Tissue oxygenation measurements
in several CKD experimental models validate hypoxia.'®"°
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Hypoxia-inducible factor-lo promotes pro-fibrotic signaling
pathways and is up-regulated in hypoxic renal tubular epithelial
cells, especially those in patients with chronic kidney disease.****
Loss of peritubular capillaries from acute or chronic injury results
in local hypoxia, further damage to nearby tubules, up-regulation
of pro-fibrotic pathways, and a self-reinforcing vicious cycle.

3 Drug delivery in renal fibrosis

Among the most significant treatment-related obstacles of
kidney disease is the selective delivery of drugs to achieve
therapeutically relevant concentrations in the target organ to
reduce the amount of drugs required and minimize side effects.
In 1994, a targeted drug delivery method was reported for
glomerular mesangial cells using actinomycin D-loaded poly
(isobutylcyanoacrylate) nanoparticles that are concentrated in
rat mesangial cells. Since the beginning of the 1990s, research
has been conducted on kidney-targeted drug delivery systems.>?
Currently, renal drug delivery mainly targets tubules and glo-
meruli, in addition to targeting giant proteins, tubules, etc.??
However, glomerular filtration makes drug delivery to renal
cells difficult. Podocytes, glomerular endothelial cells, and
glomerular basement membranes make up the glomerular
filtration barrier. Nanoparticles with a hydrodynamic diameter
of less than 10 nm can pass via the glomerulus and be removed,
however particles larger than 150 nm cannot cross the glomer-
ular filtration barrier and collect in diseased areas.>* More
importantly, podocytes in the glomeruli were the target of
nanoparticles that could pass through the glomerular filtration
barrier at a certain size of 5-30 nm.>* Studies have shown that
nanoparticle accumulation is limited to the glomerular tunica
and the extracellular matrix of the kidneys, and that maximum
glomerular deposition can be achieved with about 80 nm size of
the nanoparticles.>*” Furthermore, one crucial factor for renal
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Fig. 3 Renal drug delivery system.

targeting is charge selectivity. Long circulation durations and
little macrophage uptake are observed in nanoparticles with a
surface charge of 15 mV.*® Cells within the mononuclear
phagocyte system quickly eliminate highly positively charged
nanoparticles from the bloodstream, whereas anionic nano-
particles are also eliminated by these cells.

Renal therapy has demonstrated encouraging results using
nanosystems that have diverse physicochemical qualities
(dimension, form, surface, and charge) and biological attributes
(high cellular internalization, low cytotoxicity, regulated pharma-
cokinetics, and biodistribution). Nanomaterial-derived drug deliv-
ery systems based on anti-renal fibrosis trigger extensive research
discussions among researchers (Fig. 3).”° Among many nano-
materials, metal organic frameworks (MOFs) have attracted wide
attention due to their porosity, large specific surface area, stable
results and modifiability. MOFs are a class of porous materials
formed by metal ions or metal clusters connected with organic
ligands through strong coordination bonds. They are widely used
in gas storage, separation, catalysis, drug release, sensing and
other fields. In biological applications, MOFs are mainly used in
drug carriers, bioimaging technology, and biosensing technology
and as antimicrobial materials. Among them, the most promising
is the drug carrier technology of MOFs, which often outperforms
the therapeutic effect of drugs alone by carrying anti-tumour
drugs and so on. In addition to the field of drug delivery, MOFs
have been extensively studied in other fields, especially in battery
storage and sewage treatment, where they have been practically
applied and have high economic potential.

4 Drug delivery strategies for renal
antifibrosis

Due to the special physiological structure and physiological
function of the kidneys, drug delivery systems for delivery to the
kidneys are often on the nanoscale. Different nanomaterials,
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such as microcapsules, lipid bilayers, nanocopolymers, etc., are
modified and adapted to improve their biocompatibility and
renal targeting. Thus, anti-renal fibrosis therapeutic agents,
including peptides, medicines, active ingredients of traditional
Chinese medicines, etc. can be efficiently delivered to the
damaged kidneys (Table 1).

4.1 Gene therapy

4.1.1 Delivery of siRNA-based therapeutics. A family of
double-stranded non-coding RNAs known as small interfering
RNAs (siRNAs) is commonly utilized to control gene expression
both in vivo and in vitro. siRNAs are very promising as a disease
modifier. However, in vivo delivery beyond hepatic effectiveness
and non-specific innate immune stimulation of siRNAs are
limiting factors in the development of siRNA therapy.>>™>*
A common mode of management of siRNA-derived therapeu-
tics is systemic fluid dynamics injection. However, this process
involves huge amounts of drug solution and high-pressure
injections, and the drug may not be injected repeatedly at the
same site because of the ensuing tissue damage. To cure renal
fibrosis, intravesical siRNA injections have been employed in
many investigations. Furthermore, enhancement of their tar-
geting and specificity by modification or piggybacking is
expected to result in better renal fibrosis treatments. To facili-
tate the selective gene silencing of target proteins, siRNA can
destroy regions of complementary RNA molecules. Raval et al.*°
reported an encapsulated, stabilized, and passively delivered
siRNA containing albumin polymer nanocomplexes. The
approach for the delivery of histone deacetylase 4 (HDACA4)
siRNA is specifically to kidney podocytes via o,f; integrin
(Fig. 4). In this strategy, siRNA nanocomplexes with fluid
dynamics dimension of particles of 65.31 £+ 1.83 nm and zeta
potentials of 17.4 + 1.08 mV were able to enter the glomerulus
efficiently. The siRNA nanocomplexes possessed significantly
high siRNA encapsulation and showed good stability in serum.
There is no significant cytotoxicity when compared to free
HDAC 4 siRNA and other controls, demonstrating their good
biocompatibility. In cellular uptake experiments, siRNA-
associated green fluorescence was observed in the intracellular
compartment of podocytes, indicating effective cellular uptake
and intracellular siRNA delivery. In an in vitro DN podocyte
model, siRNA nanocomplexes efficiently target the silencing of
the HDAC 4 gene. In the diabetic nephropathy (DN) mouse
model, siRNA nanocomplexes exhibited excellent antifibrotic
effects compared to controls following intraperitoneal injection
of siRNA nanocomplexes.

Amphiregulin (AREG) is a transmembrane glycoprotein
recently found to be associated with renal fibrosis. Son et al.*!
demonstrated in vivo suppression of amphiregulin using a new
and efficient renal fibrosis through self-assembled micelle (SAM)
inhibitory RNA. This self-assembled micelle inhibitory RNA
can be blocked with epidermal growth factor receptor (EGFR)
signaling. After injection of SAMiRNA-AREG into two types of
renal fibrosis mice produced by unilateral ureteral obstruction
(UUO) and adenosine diet (AD), due to the small nanoparticle
size, it is easier for it to enter into tumours, inflamed or fibrotic
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Table 1 Drug delivery strategies for delivering antifibrotic therapeutics to the kidneys
Drug delivery Particle size
strategy Therapeutic agent Delivery vehicle (nm) Route of drug delivery = Target site Ref.
Cyclo(RGDfC) siRNA cyclo (RGDfC)-polymeric 65.31 + 1.83  Peritoneal injection Renal podocytes 30
SAMiRNA-AREG siRNA Self-assembling micelles — Intravenous injection Renal tubules 31
miR-146a-PEI-NPs miRNA Polyethyleneimine — Caudal vein injection UUO Kidneys 32
nanoparticles
DTmiAnp-cRGD-30  miRNA-30a Cyclo (RGDfC)-gated 73.51 = 1.43  Peritoneal injection Renal podocytes 33
a mm polymeric-nanoplexes
CTLA-4-1g CTLA-4-Ig Microbubbles — Peritoneal injection Renal podocytes 34
TKI-LZM TGF-f type-I Protein lysozyme — Intravenous injection Renal tubules 35
receptor kinase
inhibitor
PTRAs EPLP-VEGF  Vascular endothelial  Elastin-like polypeptide — Renal Endovascular Renal 36
growth factor Implant parenchyma
SAP-TNF-0/HGF Anti-TNF-o, Self-assembling 10-20 Intrarenal injection Renal tubules 37
hepatocyte growth peptides/heparin hydrogel
factor
IL-10@PLT Interleukin-10 Platelets 965 Caudal vein injection Inflammatory 38
renal cells
MV-DEX Dexamethasone RAW 264.7 macrophage 140.7 + 4.8 Intravenous injection Inflammatory 39
cell-derived MVs renal cells
RDYH58-NP Sorafenib Lactic-co-glycolic acid 76.0 + 13.7 Intravenous injection Myofibroblasts 40
DXMS/CAP@ Dexamethasone, Liposome-nanoparticle 119.1 £ 2.31  Caudal vein injection Glomerulus 41
PLGA-ILs captopril hybrid
KGM/PBA-PGA Insulin, liraglutide Glucose-responsive — Hypodermic injection Renal tubules 42
hydrogel hydrogel
SMEDDS Emodin Self-microemulsifying 18.31 £+ 0.12  Oral administration Renal tubules 43
drug delivery systems
CPP/PEG-NPs Emodin, Microcapsules 156.3 + 2.4 Oral administration UUO Kidneys 44
tanshinone ITA
PPP-RH-NPs Rhein Polyethyleneglycol-co- 75 + 25 Intravenous injection Diabetic kidneys 45
polycaprolactone-co-
polyethylenimine triblock
Plum pudding Celastrol Self-assembled triblock 35.6 Intravenous injection Glomerulus 46
polymeric micelles and
injectable hydrogels
PLGA-Gyp XLIX Gypenoside Polylactic acid-co-glycoside  35.6 Intravenous injection Renal tubules 47
(PLGA)
BBR-BC 12-NPs Berberine Brij-grafted-chitosan 102.0 £ 0.7 Oral administration Glomerulus 48
NTCC CoCl, 50% N-acetylation- 50-100 Peritoneal injection Renal tubules 49
thiolated chitosan
GLAuNPs-Co Co, AuNPs GLAuNPs-Co 22.97 £ 7.43  Peritoneal injection Renal tubules 50
ZnONPs Zinc oxides Nanoparticles — Peritoneal injection Renal podocytes 51

tissues. The SAMiRNA-AREG accumulates in damaged kidneys
and exhibits excellent renal therapeutic and fibrotic effects
through passive targeting by enhanced permeability and reten-
tion effects. Finally, it was confirmed that the upregulation of
AREG in UUO or AD replicas was largely localized to the distal
tubules.

4.1.2 Delivery of miRNA-based therapeutics. MicroRNAs
(miRNAs) are a group of small non-coding RNAs, usually
19-25 nucleotides, which usually adjust gene expression via
degradation or translational repression of target mRNA.>®> The
miRNAs are associated with many downstream effects that
regulate a variety of biological processes.’*>® The miRNAs have
significant roles in proper renal function and have significant
impacts on mesangial cells, podocytes, and tubular epithelial
cells. The miRNA-192 produces tubular interstitial fibrosis
and glomerular mesangial cell fibrosis through many mecha-
nisms.’>® It has been shown that the transfer of exogenous
miRNA-30a to podocytes may ameliorate albuminuria and
podocyte injury. However, lack of miRNA solidity, deprived

6536 | J Mater. Chem. B, 2024, 12, 6532-6549

targeting, and short in vivo specificity have been constraints.
Morishita et al’>* developed a strategy to deliver miR-146
against renal fibrosis using polyethyleneimine nanoparticles
(PEI-NPs). The UUO mice were injected with miR-PEI-NPs via
the tail vein, and the obstructed kidneys of mice were primarily
found in the tubular and interstitial fibrotic areas. The PEI-NPs
containing miR-146 significantly increased the expression of
miR-146 in the obstructed kidneys when compared to the
control group, but also inhibited the infiltration of F4/80-
positive macrophages, the renal fibrotic area, and o-smooth
muscle actin expression.

The miRNA-30a is mainly accountable for podocyte home-
ostasis. In diabetic nephropathy (DN), miRNA-30a is mainly
directly inhibited by the hyperglycaemic kidney-induced notch
signaling trail, leading to podocyte injury and apoptosis. Thus,
delivery of exogenous miRNA-30a to podocytes is expected to
ameliorate proteinuria as well as podocyte damage, thus acting
as an antifibrotic agent. Raval et al. reported the targeted and
effective administration of miRNA-30a mimic by dendrimer-

This journal is © The Royal Society of Chemistry 2024
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nephropathy.*® Reproduced with permission. Copyright 2021 American Chemical Society.

templated cyclo (RGDfC)-gated polymeric nanoplexes to
improve podocyte conditions.*® DTmiAnp-cRGD-30a mm had
a fluid dynamics dimension of particles of about 73.51 +
1.43 nm, and a zeta potential of 20.32 £ 1.03 mV. DTmiAnp-
cRGD-30a mm was efficiently delivered to podocytes and up-
regulated miRNA 30 compared to controls and protected the
miRNA-loaded therapeutic agent from the deprivation by RNA
enzymes in the process (Fig. 5). The kidney’s glomerular region
had less fibrosis and glomerular dilatation after its delivery.

4.2 Protein and peptide therapy

4.2.1 Delivery of protein-based therapeutics. Protein-based
therapeutic agents have made a big splash in the treatment of
several diseases in recent years, thanks to their excellent
specificity. More and more researchers are investigating the
therapeutic mechanisms and effects of protein-based thera-
peutics on different diseases. However, their constancy,
immunogenicity, and nonexistence of abdominal absorption
are some of the limitations of therapeutic proteins.®® Fortu-
nately, drug delivery technologies allow therapeutic proteins
to be targeted to target sites with high efficacy. In antirenal
fibrosis therapy, therapeutic proteins can be delivered to dif-
ferent targets to work. Wang et al.** reported a cytotoxic T
lymphocyte-corresponded antigen 4 immunoglobulin (CTLA-4-1G)
combined with an ultrasound microbubble strategy against renal
fibrosis (Fig. 6). The microbubbles are composed of an outer shell
with a gaseous interior, which under ultrasound can produce
a cavitation effect to enhance the efficiency of drug penetration
through the physical barriers of the body. It can be stably
loaded with genes or drugs for targeted delivery.®" Moreover, in
rodents with diabetic kidney disease, microbubbles increased

This journal is © The Royal Society of Chemistry 2024

renal interstitial capillary permeability.®>®* CTLA-4-IG’s capacity
to penetrate the glomerular basement membrane and get close to
podocytes is enhanced by ultrasound microbubble exposure.
Thus, CTLA-4-IG can effectively prevent podocyte injury and
inhibit inflammation and fibrosis.

Myofibroblasts are one of the key factors in the progression
of renal fibrosis, and myofibroblasts are the foremost source of
ECM in the process of renal fibrosis. Thus, the inhibition of
myofibroblast production is expected to inhibit the progression
of renal fibrosis. Albumin is an abundant multifunctional
plasma protein synthesized mainly by hepatocytes.®* The acti-
vated stellate cells (SCs) did not naturally express albumin.
However, the phenotype of myofibroblasts reverted to that of
early activated cells, along with the reappearance of cytoplas-
mic lipid droplets and decreased expression of collagen type I
and o-SMA when forced to express it.®® Cha et al.®® reported an
anti-fibrotic recombinant fusion protein (called R-IIT) that was
created by fusing the C-terminus of retinol-binding protein
(RBP) with the albumin domain III. RBP can be used to target
SCs for delivery, based on which R-III can be targeted to renal
stellate cells (Fig. 7). R-III action induced phenotypic reversal of
activated/myofibroblast to a fat storage phenotype, but had no
substantial effect on renal fibroblasts. Chronic tubular damage
has been demonstrated to be a symptom of mitochondrial
diseases, including structural and functional deficits, which
progresses to fibrosis.®” The regulatory element of the mito-
chondrial permeability transition pore (MPTP) that controls
MPTP opening and MPTP-dependent necrotic cell death is
identified as the mitochondrial matrix protein cyclophilin
D (CypD). This exhibits cis-trans peptidyl prolyl isomerase
activity. Jang et al. showed that CypD in renal tubular injury,
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(A) Analysis of HG-treated podocytes using flow cytometry following treatment with free cRGD, DTAnp-cRGD-FITC (+) and DTAnp-cRGD-FITC

(=). (B) Quantitative assessment of cell uptake using MFl p < 0.001 in comparison to cRGD + DTAnp-cRGD-FITC. (C) When miRNA-30a mimic loaded
nanoplexes were treated, the qRT-PCR data show a relative upregulation of miRNA-30a; in this case, U6snRNA was taken into account as an endogenous
control (healthy podocytes). The results show that ***p < 0.001 for both DTmiAnp-cRGD-30a mm and DTmiAnp-cRGD-30a mm vs. free miRNA-30a
mimic. (D) Following the incubation of free mMiRNA-30a mimic, DTmiAnp-30a mm-scramble, DTmiAnp-30a mm, and DTmiAnp-cRGD-30a mm, Notch-1
expression was measured by western blot analysis. The endogenous control used was B-actin. Both **p < 0.01 and ***p < 0.001, respectively, compare

DTmiAnp-cRGD-30a mm to DTmiAnp-30a mm and free miRNA-30a mimic.** Reproduced with permission. Copyright 2021 Elsevier B.V.

which is a key aspect contributing to renal fibrosis in UUO,%
and the results of this study may provide a new paradigm for
targeted treatment of fibrotic diseases.

4.2.2 Delivery of peptide-based therapeutics. Peptides are
molecules consisting of amino acids as the basic unit, with
molecular weights generally below 10 kDa, and are widely
used in the treatment of a variety of diseases such as diabetes,
tumours, chronic pain, and multiple sclerosis. A variety of
peptides have been found to have important effects on renal
fibrosis, including transforming growth factor-p (TGF-), bone
morphogenetic protein 7 (BMP-7), connective tissue growth
factor (CTGF), interleukin 1 (IL-10), etc.®® Due to the inherent
lack of targeting of peptides, high doses or multiple adminis-
trations are often required to achieve therapeutic efficacy.
High doses may cause immunological side effects. Therefore,
peptide-based antirenal fibrosis therapeutics are often inves-
tigated in combination with drug delivery technologies.

TGF-B is a multifunctional cytokine that serves an impor-
tant part in the pathogenesis of several diseases related to
renal, leading to renal fibrosis.”® TGF-B activates renal tubu-
lar epithelial cells, leading to their alteration into fibroblasts

6538 | J Mater. Chem. B, 2024, 12, 6532-6549

via epithelial-mesenchymal transdifferentiation,”’ and ulti-
mately the conversion of fibroblasts into myofibroblasts
and construction of extracellular matrix (ECM) proteins.””
Prakash et al.>® developed a renal drug delivery system that
inhibits TGF-p receptors (TKI-LZM). The system consists of
an inhibitor integrated into renal carrier protein lysozyme
(LZM), which targets the TGF-B kinase inhibitor to renal
tubular cells and provides sustained delivery of the active
substance in the target cells over several days. TKI-LZM
accumulated rapidly in renal tubular cells within 1 h after
intravitreal injection and no accumulation was observed
in the heart, spleen, and lungs. The degradation half-life of
TKI-LZM conjugate in the kidney was about 37.7 h. The
degradation of TKI-LZM was also observed in the kidneys,
and the degradation of the TKI-LZM conjugate in the kidneys
was also observed in the heart and spleen. Following binding
to its type-II receptor, TGF-f interacts to another type-I
receptor called activin receptor-like kinase-5 (ALK5).”?
By controlling the deposition of the extracellular matrix,
ALKS5 triggers downstream signaling cascades, and therefore
contributes to the establishment of renal fibrosis.”

This journal is © The Royal Society of Chemistry 2024
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Vascular endothelial growth factor (VEGF) is a pro-angio-
genic cytokine that plays a crucial role in neovascularisation,
healing, and conservation of the MV matrix throughout the
body. The bioavailability of the VEGF is reduced in stenotic
kidneys with renal vascular disease.”” In a model of progressive
renal failure, VEGF treatment improves kidney injury and
protects renal microcirculation.”® Guise et al.*® developed a
bioengineered fusion of drug delivery carriers with renal target-
ing. Adjuvant targeted administration of ELP-VEGF enhances
the effectiveness of plastic and stenting in renovascular disease
(RVD), and has a better therapeutic effect on renal injury such
as renal fibrosis.

Self-assembling peptides (SAPs) are designer biomaterials
readily available from naturally occurring amino acids that
instinctively form cross-linked nanofibers, and are transformed
into nanoscale hydrogels.”””® Liu et al.’” reported the hepato-
cyte growth factor (HGF) and the TNF-o neutralizing antibody
(anti-TNF-a) co-delivered using an injectable, self-assembling
peptide/heparin (SAP/Hep) hydrogel (Fig. 8). KLD 2 R/Hep
hydrogels are only 10-20 nm in diameter and sequentially
release the drug and accumulate in the kidneys after injection
into the body. Animal studies have shown that SAP-drug
hydrogels are more effective in lowering apoptosis and inflam-
mation, enhancing tubular regeneration and renal function,
and thus reducing chronic fibrosis after ischemia-reperfusion I/
R hurt, compared to SAPs or free drugs.

The development of both acute and chronic renal illness has
been linked to inflammatory agents, which are now recognized
as important pathogenic molecules, yet interleukin-10 (IL-10)
deficiency in damaged kidneys affects its anti-inflammatory
effects. To address this issue, Gong et al.*® developed a platelet
(PLT)-activated IL-10 (IL-10@PLT), which was experimentally
demonstrated to target IL-10@PLT to concentrate in the renal
tubules of damaged kidneys, reduce inflammatory response,

This journal is © The Royal Society of Chemistry 2024

improve renal function, and ameliorate renal fibrosis during
the recovery phase of UUO treatment.

4.3 Pharmacotherapy

Current drugs for the treatment of renal fibrosis mainly alle-
viate renal fibrosis with multi-targets and numerous pathway
trails. Among them, angiotensin-converting enzyme inhibi-
tors and glucocorticoids are the main drugs for treating renal
diseases, but these drugs generally lack targeting and adverse
effects that vary with dosage limiting their clinical application
to a large extent. Enhancing the renal targeting of chemical
drugs through drug delivery techniques is expected to reduce
toxic side effects and improve the therapeutic effect on renal
fibrosis.

Exosomes and microvesicles are examples of extracellular
vesicles (EVs), which are membrane particles generated from
host cells and have an inherent means of intercellular comm-
unication.” ®" EVs can serve as effective carriers for drugs, RNA
drugs and anti-inflammatory agents.®* ®* Tang et al.*® used RAW
264.7 macrophage cell-derived MVs as a vehicle for targeted
delivery of dexamethasone (DEX) to inflamed kidneys (Fig. 9).
The emulsive dosages of MV-DEX considerably reduced renal
injury in murine models of LPS- or ADR-induced nephropathy,
with improved therapeutic efficacy against renal inflammation
and fibrosis, when compared to free DEX treatment. More
importantly, the delivery of DEX in MV expressively abridged
the consequences of long-term glucocorticoid treatment.

Liposomes are tiny lipid vesicles, usually encapsulated by
one or more lipid layers, employed to deliver drugs or other
active ingredients. Liposomes can improve drug solubility,
stability, and to some extent targeting. Cheng et al."® created
lipid-coated poly(lactic-co-glycolic acid) nanoparticles with sor-
afenib, a powerful anti-tumor multikinase inhibitor, encapsu-
lated in the core and fibrotic kidney homing peptides on the
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surface. The nanoparticles (NPs) had an average particle size of ~ delivery to myofibroblasts compared to free sorafenib. Peptide-
~70 nm, and nanoparticle-loaded sorafenib allowed targeted modified NPs were ~2.6 times more effective than non-targeted
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NPs in reaching UUO-induced fibrotic kidneys, and significantly
ameliorated the progression of renal fibrosis when given intra-
venously to mice suffering from UUO-induced renal fibrosis.
In addition, Zhou et al.*' coated a phospholipid bilayer on the
surface of PLGA-NPs to create a liposome-nanoparticle hybrid
(PLGA-LNHy). Afterwards, PLGA-LNHy was co-modified with PEG
and o8 integrin antibodies to create PLGA immunoliposomes
(PLGA-ILs). The loading of dexamethasone (DXMS) and captopril
(CAP) resulted in the DXMS/CAP@ PLGA-IL nanoparticles. The
prepared nanoparticles contained a core-shell design with a
uniform and suitable size (119.1 £+ 2.31 nm), 10.22 + 1.00% for
DXMS and 6.37 + 0.25% for CAP. The DXMS/CAP@ PLGA-IL
possesses low cytotoxicity and good tethered cell entry capacity
for successful aggregation in the glomerular MC zone. In vivo
pharmacodynamic studies showed that DXMS/CAP@PLGA-ILs
were effective in ameliorating pathological changes in the glo-
merular tunica albuginea region and positive expression of
glomerular proliferating cell nuclear antigen (PCNA), decreasing
the manifestation of factors that cause inflammation, fibrosis,
and reactive oxygen species (ROS). Other researchers have used
hydrogels, virus-mimetic nanoparticles, etc. loaded with chemical
drugs to obtain better renal delivery capacity and renal fibrosis
treatment.">"*

4.4 Herbally active compound therapy

4.4.1 Delivery of quinone-based therapeutics. Unsaturated
cyclic diketones with p- or o-benzoquinone structures are
known as quinone compounds. Medical researchers have
focused a lot of attention on the use of quinones, particularly
anthraquinones, in antifibrotic therapy. Emodin (EMO) is a
common anthraquinone compound with antifibrotic effects in
a variety of organs, particularly on renal cell proliferation,
apoptosis, and phenotypic change. Emodin reduces TGF-f1
and SMAD-specific E3 ubiquitin protein ligase 2 (Smurf 2)

This journal is © The Royal Society of Chemistry 2024

levels to enhance renal function and prevent renal fibrosis,®’
inhibiting the proliferation of renal fibroblasts and decreasing
the levels of fibronectin (FN), collagen I, and Smad 2/3 protein
and gene expression.®® The EMO has low oral bioavailability
and is acutely toxic in overdose. Precise delivery of EMO to the
kidney is expected to further enhance the antirenal fibrosis
effect. Huang et al have prepared an emodin self-micro-
emulsifying drug delivery system (SMEDDS).*” The patrticle size
of SMEDDS was only ~18.31 £ 0.12 nm, and it was demon-
strated by in vivo experiments. The self-microemulsifying drug
delivery system could enhance the oral bioavailability and
cellular uptake of emodin. Specifically, when mice are orally
administered SMEDDS, the spontaneously formed emulsion of
the self-microemulsifying drug delivery system dissolves the
drug in the gastrointestinal tract and accelerates absorption.
In addition, self-microemulsifying formulations may enhance
oral bioavailability by promoting lymphatic absorption.
Ultimately, digestion products are preferentially prepared and
ultimately secreted into the mesenteric lymph to promote
absorption. The SMEDDS protects the kidneys by decreasing
the expression of FN, TGF-B1, and ICAM-1 in the cells in which
they are present (Fig. 10).

Tanshinone IIA (Tan IIA) is a component of Danshen.
By blocking the activity of glycogen synthase kinase (GSK) 38,
fibroblast recruitment, and tubular epithelial cell fibrosis,
Tan IIA reduces renal fibrosis.®® Tan IIA may act as an antirenal
fibrosis agent along with emodin; nevertheless, inadequate
oral absorption, unforeseen drug-drug interactions, and their
potential to modify individual pharmacokinetic profiles when
combined significantly restrict their utilization. To alleviate these
limitations, Sun et al."* devised a novel nanomicrosystem-based
co-delivery method by embedding Tan IIA-loaded nanoparticles
(Tan IIA-NPs) into EMO-containing microcapsules with cell-
penetrating peptides (CPPs) and polyethylene glycol (PEG)
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modifications to obtain CPP/PEG-NPs (Fig. 11). This nano-
microsystem exhibited significant sequential drug release.
In addition, in vivo tests showed that Tan ITA and EMO had
improved oral bioavailability and possessed noteworthy thera-
peutic effects in UUO rats.

All traditional Chinese medicine uses rhine, a lipophilic
anthraquinone molecule, as the primary absorbable anthra-
quinone derivative that enters the bloodstream following the
oral treatment. Through a mechanism that inhibits the toll-like
receptor 4 (TLR 4) and TGF-B1 release in the kidneys, rhine
dramatically improves glomerular disease and tubule interstitial
fibrosis. However, clinical administration of Rhine is restricted
by adverse effects, low bioavailability, poor solubility, and
decreased transport into the kidneys. Chen et al.*® produced
polyethyleneglycol-co-polycapro lactone-co-polyethylenimine
triblock amphiphilic polymers to create RH-loaded PPP-RH-
NPs. PPP-RH-NPs were about 80 nm in size with a zeta
potential of 10 mV. The most popular and well-researched

6542 | J Mater. Chem. B, 2024, 12, 6532-6549

gene transfer carrier is polyethylenimine (PEI). It demon-
strates renal dispersion for gene delivery to some extent and
includes 15-20% protonatable amine groups under physiologi-
cal conditions. In the streptozotocin (STZ)-induced DN model,
PPP-RH-NPs displayed upright renal dispersal and exhibited
improved renal function, and antirenal fibrosis effects.

4.4.2 Delivery of terpene-based therapeutics. With an iso-
prene unit (Cs unit) serving as the fundamental structural unit
of the molecular skeleton, terpenoids are substances and their
derivatives that are generated from mevalonate. Terpenoids
exhibit a variety of health impacts, including antitumour,®
anti-inflammatory,go antibacterial,®* and antifibrotic activities.®”
The role of terpenoids in antirenal fibrosis has gradually attracted
the attention of researchers. Therapeutic strategies based on the
delivery of terpenoids using drug-delivery technologies have also
received attention.

Celastrol (CLT) is a naturally occurring chemical that
was isolated from Tripterygium wilfordii. Because of its potent

This journal is © The Royal Society of Chemistry 2024
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anti-inflammatory and antiproliferation properties, Celastrol
was chosen as a model therapy for patients with RIF. Qin et al.*®
developed a topical drug delivery platform with controlled-release
and long-acting characteristics via injectable hydrogels cross-
linked by self-assembled triblock polymer micelles and piggy-
backed with CLT, which enables long-term release of CLT at
the renal site. Gypenosides (Gyp) are a class of dammarane type
saponins extracted from five-leafed gynostemma. Among them,
Gyp XLIX is one of the most active components, with anti-
inflammatory,” anticancer,”® and anti-hepatic fibrosis effects.’®
Studies related to the use of Gyp in the treatment of renal diseases
have been continuously reported,”®®” but direct administration of
Gyp XLIX is not ideal due to its low solubility and bioavailability,
high molecular weight, and significant barriers to absorption in
the body. To solve the problems related to limiting the clinical
application of Gyp XLIX, Liu et al.*’” obtained PLGA-Gyp XLIX
nanoparticles using a poly(lactic acid)-glucoside copolymer (PLGA)
loaded with Gyp XLIX. The PLGA-Gyp XLIX nanoparticles pos-
sessed a particle size of ~120 nm and could be targeted to UUO
kidneys. In contrast to Gyp XLIX, the PLGA-Gyp XLIX nanoparticles
can lessen tubular necrosis, decrease collagen deposition, and
limit renal fibrosis (Fig. 12).

4.4.3 Delivery of alkaloid-based therapeutic agents. A class
of simple chemical molecules called alkaloids is extensively
distributed throughout nature. The majority of alkaloids have
nitrogen rings arranged in complicated ring configurations.
Because of their anti-inflammatory properties, alkaloids have
great antagonistic effects on organ fibrosis. Recently, flavo-
noids were extensively employed in the treatment of RF, espe-
cially in the treatment of DN. Studies have shown that other
alkaloids, such as picloram, berberine, etc., also have anti-renal
fibre effects.”®°°

By inhibiting NF-jB activation, dampening the Notch/
Snail pathway, upregulating Nrf2 signaling, downregulating

This journal is © The Royal Society of Chemistry 2024

the TGF-b/Smad/EMT pathway, reducing a-SMA levels, boosting
E-cadherin levels, and inhibiting RhoA/ROCK, berberine
prevents ECM buildup and lowers RF.'°°'% Because of
P-glycoprotein-mediated drug efflux and first-pass effects,
BBR has a very limited oral bioavailability. To address this
issue, Xiong et al*® developed a Brij-grafted-chitosan (BC)
nanocarrier technology to improve oral bioavailability of ber-
berine, and therapeutic efficacy in diabetic nephropathy. The
BBR-BC 12-NP was spherical in shape and had a size of
approximately 102.0 = 0.7 nm. The comparative oral bioavail-
ability (FRel) of the BBR-BC 12-NP was demonstrated by in vivo
experiments. The relative oral bioavailability (FRel) of BBR was
determined to be 440.8% (Fig. 13). In a STZ-induced diabetic rat
model, BBR-BC 12-NP was efficiently distributed in the renal
fraction and exerted therapeutic effects.

4.5 Other antirenal fibrosis drug delivery systems

Metal ions provide important functions in biological systems
such as regulation of electrolyte balance, oxygen transport,
electron transfer, catalysis, efc. Many transition metal ions
(Mn, Fe, Cu, Co, etc.) are involved in many redox reactions in
the body due to their variable and physiologically accessible
oxidation states. Metal nanoparticles are often made to give full
play to the therapeutic effect of metal ions in vivo and are widely
used in anticancer, anti-microbial, imaging, diagnostic and
other applications. Therapies based on metal nanoparticles
have also been proposed such as photothermal therapy,'®*
chemodynamic therapy,'®® photodynamic therapy,'® and ultra-
sonodynamic therapy.’®” In recent years, the strategy of using
metal nanoparticles against renal fibrosis has been continu-
ously proposed by numerous researchers.

Cobalt chloride is one of the utmost extensively employed
hypoxia inducible-factor activators in biomedicine, and HIF
activators protect the kidneys by ameliorating renal hypoxia in
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chronic kidney disease. Unfortunately, unfavorable side effects
and limited renal targeting of cobalt chloride severely restrict
its therapeutic uses. Cobalt nanomaterials possessed numerous
advantages of low preparation cost, low toxicity, high photo-
thermal conversion ability, and high drug-carrying capacity.
They have been proved to have a promising application in
anticancer and anti-infection therapy. Li et al.*’ designed
N-acetylated-thiolated chitosan cobalt (NTCC) nanocompatibles.
Cobalt will be liberated from biomaterials in acidic environments,
whereas NTCC has exceptional stability in typical physiological
circumstances. The NTCC showed a particle size of about
50-100 nm. Upon injection of NTCC into the UUO mouse model,
the NTCC targets and accumulates in the kidneys, where it is
released within 8 h. Compared with cobalt chloride particles,
NTCC had a significant antirenal fibrosis effect.

Excellent biocompatibility, simplicity of surface modification,
tunable features, and several uses of Au nanoparticles (AuNPs) in
drug delivery, animal and cell imaging, and disease treatment
have generated a lot of interest. However, Au nanoparticles have

6544 | J Mater. Chem. B, 2024,12, 6532-6549

low drug-carrying ability, and poor capability to embed drugs.
Providentially, the Au nano-assemblies with greater surface
areas and self-assembly possessions were able to address the
challenges of Au nanoparticles. Tan et al.’® demonstrated novel
stimuli-responsive drug release nanoplatforms. The nanoplat-
forms involved the self-assembly of GLAuNPs (glutathione-
modified Au nanoparticles) and Co®>" into nano-assemblies
(GLAuUNPs-Co) through coordinated interactions among empty
orbitals and lone pair glutathione. GLAuUNPs exhibited high
drug loading capacity upon assembly with Co** and triggered
drug release in renal fibrotic tissues. Furthermore, the cyto-
toxicity of Co*" in renal tubular cells was significantly decreased
by Co®" ions enclosed in GLAUNPs. Histofluorescence imaging
revealed that the kidneys, and particularly the proximal tubules,
were the site of a specific accumulation of GLAuNPs-Co.
Elemental Zn plays important roles in biological processes,
such as a catalytic cofactor, in immune responses, and as a
structural functionality of many proteins. Studies have shown
that a high prevalence of diabetes and progressive DN have

This journal is © The Royal Society of Chemistry 2024
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been linked to systemic zinc deficiency.'°®''° In addition, the podocyte damage, oxidative stress, inflammation, and aberrant
TGF-B/Smad 2/3 pathway activates renal interstitial fibro- angiogenesis, as well as by enhancing renal function. The experi-
blasts.""" Alomari et al.”>* studied the therapeutic consequence mental DN rat model is more effectively utilized (Fig. 14). This
of zinc oxide nanostructures on STZ-induced DN rats. The results demonstrated that ZnONP nanoparticles were operative in ame-
showed that ZnONPs ameliorated renal injury by ameliorating liorating the development of renal fibrosis.
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Fig. 14 Zinc oxide nitrides and their effects on various oxidative stress markers in renal tissue in various levels (A)—(D); (E) exemplary renal tissue cortex
stained with PAS (magnification x400).* Reproduced with permission. Copyright 2021 The Authors.
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5 Summary and outlook

Drug delivery technologies can effectively deliver antifibrotic
therapeutics to the kidneys, which not only enhances thera-
peutic efficacy, but more importantly reduces the total dose and
mitigates toxic side effects. Currently, NP-based delivery sys-
tems that overcome barriers to enter into the kidneys have been
extensively studied, such as self-assembling micelles, poly-
ethyleneimine nanoparticles, liposome-nanoparticle hybrids,
etc. Numerous studies have shown that nanoparticles can
effectively piggyback on antifibrotic therapeutics and target
the injured kidneys. Through nanomaterial drug delivery stra-
tegies, it is possible to concentrate RNA, TGF-B, etc. in the
kidneys. Thus, they can act on organ-specific targets. For
chemical drugs, drug delivery technology can not only target
them to damaged kidneys but also reduce toxic side effects and
provide therapeutic effects. In addition, drug delivery techno-
logy has even enhanced the use of herbal extracts for the
treatment of renal fiber. Due to poor bioavailability, toxic side
effects, and other disadvantages of some Chinese medicine
extracts, it is difficult to achieve anti-renal fibrosis effects by
direct use. However, through drug delivery technology, they can
efficiently and safely reach the target site and exert their effect.
These studies bring new hope to overcome the challenges of
renal fibrosis treatment, but more relevant studies for over-
coming some challenges are still needed.

The first is that the safety of drug delivery vehicles cannot be
fully convincing. In many experiments, the biotoxicity of nano-
materials was observed only for a short period after they were
injected or orally administered into a mouse model. There were
fewer studies on whether prolonged use triggered the accumu-
lation of toxicity. Secondly, the degradation and metabolism of
many nanotherapeutic agents after entering the body have not
been described. Moreover, now that the study population is
almost exclusively mice with damaged kidneys, elucidating the
distinctions between the experimental models of animals and
humans with healthy and diseased kidney states may result in a
more reliable transition from preclinical to clinical research.
Understanding pharmacokinetic characteristics, biodistribu-
tion, and potential immunogenicity has become crucial, as
has the biosafety of various nanomaterials for clinical usage.
Currently, there are still drug delivery strategies whose mechan-
isms have not been clarified, especially nano-formulations
based on active ingredients of herbal medicines. Even though
it is well acknowledged that botanical substances are effective
in treating RF, there are no standard diagnostic or therapeutic
criteria, and the mechanisms of action of several natural
compounds are unclear or inconclusive. Natural remedies do
not work as quickly as western medications, and their clinical
applications. The safety of nano formulations based on metal
ions is difficult to be extensively recognized due to the possi-
bility of triggering problems such as metal accumulation.

In conclusion, using a nanoscale therapeutic delivery system
is a new approach to renal fibrosis treatment that effec-
tively controls drug release, enhances targeting and improves
therapeutic efficacy. Future research on drug delivery for the
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treatment of renal fibrosis should focus on the drug loading
capacity, targeting function, biocompatibility, and pharmaco-
kinetics of drug delivery systems. When the shortcomings and
challenges of nanoscale therapeutic delivery systems are over-
come one by one, it is believed that they can shine in the
clinical renal fibrosis treatment.
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