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ABSTRACT

Background: Chronic kidney disease (CKD) represents a mounting global health crisis, with an estimated 788 million
adults affected worldwide in 2023. Conventional pharmacotherapies for CKD are limited by poor renal bioavailability,
systemic toxicity, and rapid drug clearance. Targeted drug delivery systems (TDDS) based on nanocarriers and
biomaterials have emerged as transformative strategies to overcome these barriers.

Objectives: To systematically evaluate the evidence on nanocarrier- and biomaterial-based TDDS for CKD,
characterising their design features, targeting strategies, therapeutic payloads, and preclinical/clinical outcomes.
Methods: A systematic search was conducted across PubMed/MEDLINE, Scopus, Web of Science, Embase, and
CENTRAL (January 2016 to March 2026). Studies reporting in vitro, in vivo, or clinical outcomes of nanocarrier-
based TDDS explicitly designed for CKD were included. Study quality was assessed with the SYRCLE tool for animal
studies and the Cochrane RoB 2.0 for human trials. Data were synthesised narratively with tabulation of study
characteristics.

Results: Forty-two studies met inclusion criteria, covering polymeric nanoparticles (n = 18), lipid-based nanocarriers
(n = 11), dendrimers (n = 5), hydrogels/biomaterial scaffolds (n = 5), and inorganic/hybrid nanocarriers (n = 3).
Nanocarrier sizes ranged from 5 to 500 nm; the most effective renal accumulation was observed with particles of 6—
100 nm. Active targeting via folate receptors, megalin/cubilin ligands, and peptide motifs substantially improved
glomerular and tubular specificity. Polymeric nanoparticles (especially PLGA-PEG) demonstrated consistent anti-
fibrotic and anti-inflammatory outcomes; lipid nanocarriers showed strong RNA delivery efficiency for gene silencing
of profibrotic mediators. Biomimetic high-density lipoprotein nanoparticles, chitosan matrices, and dendrimer
conjugates displayed synergistic nephroprotective effects. Key therapeutic outcomes included reductions in serum
creatinine, blood urea nitrogen, interstitial fibrosis scores, and inflammatory cytokine profiles.

Conclusions: TDDS offer substantial promise for CKD management, with polymeric and lipid nanocarriers
demonstrating the most consistent preclinical efficacy. Transitioning these systems to clinical use requires
standardised pharmacokinetic profiling, biocompatibility assurance, and well-designed human trials. Future research
should prioritise multi-functional platforms that combine targeted delivery with real-time monitoring capabilities.
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Liposomes; Renal Fibrosis; Nanomedicine; Glomerulonephritis; Therapeutic Outcomes.
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1. Introduction function, defined by the Kidney Disease: Improving
Chronic kidney disease (CKD) is a progressive, Global Outcomes (KDIGO) criteria as an estimated
irreversible deterioration of renal structure and glomerular filtration rate (eGFR) below 60
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mL/min/1.73 m? or the presence of markers of kidney
damage persisting for more than three months [1]. The
Global Burden of Disease Study 2023 estimated that
788 million adults worldwide were living with CKD
in 2023, representing an age-standardised prevalence
of 14.2% — a 3.5% rise since 1990 [2]. In that same
year, CKD accounted for 1.48 million deaths and
ranked as the ninth leading cause of mortality globally,
with the highest burden in North Africa and the Middle
East [2]. Kidney failure requiring replacement therapy
— dialysis or transplantation — now affects
approximately 5 million people globally, imposing
catastrophic economic and social costs [3].

The pathobiology of CKD is driven by interrelated
mechanisms including glomerular hypertension,
podocyte injury, tubulointersitial inflammation,
oxidative stress, and progressive fibrosis mediated by
transforming growth factor-beta (TGF-f3), connective
tissue growth factor (CTGF), and the renin-
angiotensin-aldosterone system (RAAS) [4]. Diabetic
nephropathy and hypertensive nephrosclerosis
account for the majority of incident cases; immune-
mediated glomerulonephritides, genetic disorders
such as autosomal dominant polycystic kidney disease
(ADPKD), and obstructive uropathy constitute
important secondary causes [2,3]. Despite decades of
research, pharmacological management remains
largely confined to RAAS blockade, sodium-glucose
cotransporter-2 (SGLT2) inhibitors, and supportive
measures — strategies that slow progression but rarely
arrest or reverse established disease [5].

A fundamental barrier to effective pharmacotherapy is
the inability of conventional drugs to achieve
therapeutic concentrations within injured renal
compartments without causing systemic toxicity. The
kidney's complex filtration anatomy, including the
charge-selective glomerular filtration membrane
(GFM) and the megalin/cubilin receptor-rich proximal
tubular epithelium, simultaneously provides potential
targeting opportunities and formidable delivery
obstacles [6,7]. Drugs with poor bioavailability,
extensive plasma protein binding, or rapid tubular
secretion require supra-therapeutic dosing that
precipitates off-target organ damage [8].

Nanotechnology-based targeted drug delivery systems
(TDDS) represent a paradigm shift in addressing these

limitations. Nanocarriers — encompassing polymeric
nanoparticles, liposomes, lipid nanoparticles,
dendrimers, hydrogels, and inorganic nanostructures
— can be engineered to exploit the unique
physiological and pathological features of the kidney
to achieve site-specific drug release [6,9,10]. Key
strategies include passive accumulation through size-
selective renal filtration, active targeting via ligand-
receptor interactions (folate receptor, megalin, avf3
integrin), and stimuli-responsive drug release
triggered by renal microenvironmental cues such as
altered pH, reactive oxygen species (ROS), or hypoxia
[11,12].

Several landmark reviews have synthesised the
preclinical landscape of renal nanomedicine
[6,7,9,13,14], but the field has expanded rapidly with
new classes of biomaterials, RNA-loaded lipid
nanoparticles, and biomimetic nanocarriers introduced
since 2020. Furthermore, a rigorous systematic
evaluation of therapeutic outcomes across nanocarrier
classes — including standardised assessment of risk of
bias — is lacking. The present systematic review
addresses this gap by comprehensively appraising
studies on TDDS for CKD published between January
2015 and March 2025, characterising the evidence
base across nanocarrier types, targeting mechanisms,
therapeutic payloads, and quantitative therapeutic
outcomes.

2. Methods

This systematic review was conducted in accordance
with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA 2020)
guidelines and was pre-registered on PROSPERO.

2.1 Eligibility Criteria

Studies were eligible if they: (a) investigated
nanocarrier- or biomaterial-based drug delivery
systems, (b) targeted the kidney or renal-specific cell
populations, (c) reported quantitative therapeutic
outcomes relevant to CKD pathology (e.g., eGFR,
serum creatinine, BUN, fibrosis scoring, cytokine
levels, proteinuria), and (d) employed animal models
of CKD, primary/cell-line in vitro models of renal
pathology, or human participants. Studies were
excluded if they: (i) focused exclusively on acute
kidney injury without CKD relevance, (ii) were
conference abstracts, letters, or editorials without
original data, (iii) used nanoparticles solely as contrast
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agents without therapeutic payload, or (iv) did not
report quantitative efficacy metrics.

2.2 Information Sources and Search Strategy

A comprehensive search was performed in
PubMed/MEDLINE, Scopus, Web of Science Core
Collection, Embase, and Cochrane CENTRAL from
January 1, 2015 to March 31, 2025. The search
combined MeSH and free-text terms across three
concept domains: (i) the disease — ("chronic kidney
disease" OR "CKD" OR "renal fibrosis" OR "diabetic
nephropathy"  OR  "glomerulonephritis"  OR
"nephrosclerosis");  (ii) the intervention —
("nanoparticle*" OR "nanocarrier*" OR "liposome*"
OR "dendrimer*" OR "micelle*" OR "hydrogel*" OR
"lipid nanoparticle*" OR "polymeric nanoparticle*"
OR '"nanomedicine"); and (iii) the concept —
("targeted drug delivery" OR "drug delivery system*"
OR "renal targeting" OR "kidney targeting" OR "site-
specific delivery"). Additionally, reference lists of all
included studies and key narrative reviews were hand-
searched. Grey literature was searched via
ClinicalTrials.gov and WHO ICTRP.

2.3 Study Selection

Titles and abstracts were independently screened by
two reviewers (M.Y.A.M. and a co-reviewer) using
Rayyan QCRI software. Full texts of potentially
eligible records were retrieved and assessed
independently by both reviewers against the pre-
specified inclusion criteria. Disagreements were
resolved through consensus or consultation with a
third reviewer. The PRISMA 2020 flow diagram
documents the selection process (Figure 1).

Records from databases Records from other sources
Identi- PubMed, Scopus, WoS, Embase, CENTRAL (n = 4,817) | Hand-search, ClinicalTrials.gov (n = 47)
fication l g ;

!

Records after deduplication Records removed

n=313 Duplicates (n = 1,204)

Screen-

ing Records screened | | Records excluded
Title and abstract (n = 3,113) Not relevant (n = 2,826)

Full-texts excluded (n = 245)
AKI only, no CKD relevance: 98
No quantitative outcomes: 71
Non-renal targeting: 43
|__Abstracts / non-English: 33

Full-texts assessed
Eligi- n=287

bility J/

Studies included in synthesis

Inclu- =43

ded J

Study design breakdown Nanocarrier class
Invivo animal studies:n=33 .- Polymeric NPs: n = 18 (43%)
Combined in vitrofin vivo: n = 6 Lipid-based: n = 11 (26%)
Human clinical trials: n = 3 Dendrimers / Hydrogels / Inorganic: 13

Figure 1: PRISMA 2020 flow diagram: 4,317 records
— 42 included studies, with all screening stages and
exclusion reasons

2.4 Data Extraction

A standardised data extraction form was used to
collect: study design, model organism/cell line,
nanocarrier type and physicochemical characteristics
(size, zeta potential, encapsulation efficiency),
targeting ligand and mechanism, therapeutic payload,
dose and administration route, primary efficacy
outcomes, and safety data. Data were extracted
independently in duplicate with discrepancies resolved
by discussion.

2.5 Quality Assessment

Animal studies were appraised using the Systematic
Review Centre for  Laboratory = Animal
Experimentation (SYRCLE) risk of bias tool, which
assesses ten domains including randomisation,
allocation concealment, blinding, and selective
outcome reporting [15]. Randomised human trials
were assessed with the revised Cochrane RoB 2.0 tool.
In vitro studies were not formally scored but were
described qualitatively. The RoB visualization is
presented in Figure 2.
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Risk of bias — animal studies (SYRCLE, n = 33)
@ Lowrisk Unclear @ High risk
Sequence 5% 39% o/
Alocation conceaiment RGN 70% 2% |
Random housing & 130% ] 1% 0%
Blinding (personnel) INNNSAANIN 55% [ e% |
Blinding (outcome) NSGININ 8% [ 1% |
Incomplete outcome data | 2% 1 2 B
Selective reporting | 48% _ 43% Tow |
0% 25% 50% 75% 100%

Figure 2: RoB visualisation (SYRCLE): Stacked bar
chart across 7 bias domains for 33 animal studies,
with traffic-light colour coding (green/vellow/red)

2.6 Synthesis of Results

Due to substantial heterogeneity in study designs,
CKD models, nanocarrier types, and outcome
measures, formal meta-analysis was not feasible. A
narrative synthesis was performed, structuring
findings by nanocarrier class. Effect sizes, where
reported, are presented as mean differences with 95%
confidence intervals or as percentage changes from
control groups.

3. Results

3.1 Search Results and Study Selection

The database search retrieved 4,317 records.
Following duplicate removal (n=1,204), 3,113 unique
records were screened by title and abstract. Of these,
287 full-text articles were assessed for eligibility.
Forty-two studies met all inclusion criteria and were
incorporated in the final synthesis (Figure 1). Reasons
for exclusion at full-text stage included: focus on acute
kidney injury only (n = 98), absence of quantitative
therapeutic outcomes (n = 71), non-renal targeting (n
= 43), conference abstracts (n = 19), and non-English
publications without translation (n = 14).

3.2 Study Characteristics

The 42 included studies comprised 33 in vivo animal
studies (predominantly in mice and rats), 6 combined
in vitro/in vivo studies, and 3 early-phase human
clinical trials. CKD models included: unilateral
ureteral obstruction (UUO; n = 14), streptozotocin-
induced diabetic nephropathy (n = 10), adenine-
induced CKD (n = 6), 5/6 nephrectomy (n = 5), and
immune-mediated glomerulonephritis models (n = 7).
Publication years ranged from 2015 to 2025, with 71%
published from 2020 onwards, reflecting accelerating
activity in the field.

Nanocarrier distribution across included studies was:
polymeric nanoparticles (n = 18; 43%), lipid-based
nanocarriers  including liposomes and lipid
nanoparticles (n = 11; 26%), dendrimers (n = 5; 12%),
hydrogels and biomaterial scaffolds (n =5; 12%), and
inorganic/hybrid nanocarriers including gold and
cerium oxide nanoparticles (n = 3; 7%). Table 1
summarises the characteristics of included studies.

3.3 Nanocarrier Physicochemical Properties and
Renal Targeting Strategies

3.3.1 Size and Glomerular Filtration

Nanocarrier hydrodynamic diameter was the most
extensively studied physicochemical determinant of
renal biodistribution. The glomerular filtration barrier
permits passive passage of particles below
approximately 8 nm in diameter and restricts transit of
particles larger than 100 nm [16]. Particles in the 68
nm range — including lysozyme-based and protein-
conjugate nanocarriers — demonstrated high
glomerular accumulation, while particles of 30-100
nm predominantly accumulated in the proximal
tubules following endocytosis mediated by the
megalin/cubilin receptor system [7,8]. Mesoscale
PLGA-PEG nanoparticles of 80-120 nm exhibited
paradoxically high tubular accumulation in injured
kidneys, attributed to enhanced permeability in the
damaged tubulointersitium [17].

3.3.2 Surface Charge and PEGylation

Positive zeta potential facilitated electrostatic
interaction with the negatively charged glycocalyx of
glomerular endothelial and mesangial cells, improving
glomerular retention [6]. However, strongly cationic
nanoparticles were associated with membrane
cytotoxicity and non-specific uptake by immune cells.
Neutral to mildly negative particles with polyethylene
glycol (PEG) surface coating balanced extended
circulation half-life with reduced immunogenicity and
protein adsorption (opsonisation) [10]. PEGylation
extended plasma half-life from minutes (for uncoated
nanoparticles) to several hours, substantially
increasing renal exposure.

3.3.3 Active Targeting Strategies

Active targeting was employed in 26 of the 42
included studies. Folate receptor-mediated targeting
exploited the high expression of folate receptors on
proximal tubular epithelial cells in CKD; folate-
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conjugated PLGA nanoparticles achieved 3.2-fold
higher tubular accumulation compared to non-targeted
controls in UUO mice [18]. Megalin (LRP2) and
cubilin, expressed predominantly in proximal tubular
cells, were targeted through lysozyme conjugation and
receptor-binding peptide motifs, yielding consistent
tubular uptake [7]. Integrin avp3 targeting via cyclic
RGD peptides enabled mesangial cell-specific
delivery in experimental glomerulonephritis models
[13]. The folate, folic acid, and megalin targeting
systems emerged as the most reproducible active
targeting platforms across multiple independent
studies.

3.3.4 Stimuli-Responsive Systems
Endogenous stimuli-responsive nanocarriers,
designed to release their payload in response to CKD-
specific microenvironmental signals, represented an
emerging category. pH-responsive systems exploiting
the acidic lysosomal compartment of renal tubular
cells were reported by Lee et al. [19], demonstrating
pH-triggered nitric oxide release that attenuated renal
fibrosis in a UUO model. ROS-sensitive nanocarriers
incorporating thioketal or phenylboronic acid-based
linkers achieved spatially restricted drug release in the
oxidatively  stressed renal = microenvironment
characteristic of CKD [12]. Hypoxia-responsive
platforms incorporating cobalt(II)-containing
polymers enabled sustained drug release in the
hypoxic tubulointerstitium, significantly reducing
TGF-B1 expression and collagen deposition [20].

3.4 Polymeric Nanoparticles

Polymeric nanoparticles, particularly those composed
of PLGA, PLGA-PEG, chitosan, and
polyethyleneimine (PEI), constituted the largest
nanocarrier category (n = 18). PLGA nanoparticles are
FDA-approved polymer platforms with well-
established biocompatibility, tuneable
biodegradability, and versatile surface modification
capability [14].

3.4.1 PLGA-Based Systems

Ganugula et al. [21] demonstrated that 100 nm PLGA
nanoparticles loaded with oltipraz selectively
accumulated in injured tubular epithelial cells in
ischemia-reperfusion mice, reducing tubular necrosis,
lowering malondialdehyde content, increasing
superoxide dismutase activity, and reducing collagen

deposition at the recovery phase. In a diabetic
nephropathy model, PEI-surface-modified 80 nm
nanoparticles delivering rhein (4,5-
dihydroxyanthraquinone-2-carboxylic acid) improved
blood glucose, reduced serum creatinine, and
significantly attenuated renal fibrosis, exploiting the
enhanced permeability of injured kidneys for passive
tubular accumulation [6]. PLGA-PEG particles of 90
nm loaded with dexamethasone acetate achieved high
mesangial cell association via fenestrated endothelial
access, resulting in significant reduction of glomerular
inflammation in a thy1.1 nephritis rat model [22].

3.4.2 Chitosan-Based Systems

Chitosan's mucoadhesive properties and positive
surface charge make it a well-suited carrier for tubular
targeting. Zhang et al. [23] reported that chitosan-
based oral nanoparticles of approximately 200 nm
functioned as an efficient kidney-targeted platform for
anti-fibrotic drug delivery, achieving higher renal drug
concentrations than free drug after oral administration,
with significant reduction in fibrosis markers in a
UUO model. Chitosan-tripolyphosphate nanoparticles
encapsulating dihydromyricetin protected against
cisplatin-induced renal injury in mice, reducing
tubular cell apoptosis and inflammatory infiltrate [24].

3.5 Lipid-Based Nanocarriers

Lipid nanocarriers — including conventional
liposomes, pegylated liposomes, solid lipid
nanoparticles, lipid nanoparticles (LNPs), and
biomimetic lipid systems — comprised the second
largest category (n = 11). Their unique advantages
include high biocompatibility, ability to encapsulate
both hydrophilic and hydrophobic payloads, and
suitability for RNA delivery.

3.5.1 RNA-Loaded Lipid Nanoparticles

Su et al. [25] provided a comprehensive framework for
lipid nanocarrier-mediated renal RNA therapy,
demonstrating that miRNA- and siRNA-loaded LNPs
achieved effective gene silencing of key profibrotic
targets including TGF-B1, connective tissue growth
factor (CTGF), and CollAl in cultured proximal
tubular cells and in UUO mouse kidneys. Lipid
nanoparticles optimised for renal RNA delivery
typically incorporated ionisable lipids (pKa 6.0-6.8)
to facilitate endosomal escape after megalin-mediated
uptake [25]. siRNA delivered via kidney-targeted
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LNPs achieved 60-80% knockdown of fibrogenic
transcripts in multiple independent studies, with
commensurate reductions in interstitial collagen
content and alpha-smooth muscle actin (a-SMA)
expression.

3.5.2 Biomimetic HDL Nanoparticles

An important recent advance was the development of
biomimetic  high-density  lipoprotein  (bHDL)
nanoparticles by Wen et al. [26], published in Nature
Communications in 2025. These nanoparticles co-
loaded triptolide (TP) and nintedanib (BIBF) and
demonstrated exceptional targeting of injured tubular
epithelial cells mediated by kidney injury molecule-1
(KIM-1) internalisation. In two distinct CKD mouse
models (UUO and adenine-induced CKD), bHDL
nanoparticles effectively reduced renal inflammation,
limited macrophage infiltration, and attenuated
fibrotic niche remodelling, achieving a synergistic
therapeutic effect beyond either drug alone. This study
exemplified the emerging paradigm of biomimetic
nanocarrier design that exploits injury-induced
receptor upregulation for precision targeting.

3.6 Dendrimers

Dendrimers are hyperbranched, monodisperse
macromolecules with a precisely defined architecture
that enables multifunctional surface decoration and
high drug-loading efficiency. Five studies evaluated
dendrimer-based TDDS for CKD. Polyamidoamine
(PAMAM) dendrimers of generation 4-5 (G4-G5)
conjugated with folic acid or targeting peptides
demonstrated specific accumulation in folate receptor-
overexpressing proximal tubular cells in diabetic
nephropathy models [13]. PAMAM-encapsulated
losartan reduced TGF-B1 signalling and fibrosis in a
5/6 nephrectomy model more effectively than free
losartan at equivalent doses, with markedly reduced
systemic hypotensive side effects. Anionic polyester
dendrimers showed preferential mesangial cell uptake
and effectively delivered anti-inflammatory payloads
to the glomerular compartment in immune-mediated
nephritis.

3.7 Hydrogels and Biomaterial Scaffolds

Injectable hydrogels and biomaterial-based scaffolds
represent a distinct delivery paradigm designed for
sustained localised release within the renal
parenchyma or perirenal space. Five included studies

explored this category. Injectable hyaluronic acid-
based hydrogels loaded with hepatocyte growth factor
(HGF) were instilled into the renal subcapsular space
in a 5/6 nephrectomy rat model, achieving sustained
HGF release over 28 days, reducing tubulointersitial
fibrosis by 47%, and preserving residual nephron mass
[27]. Kidney-targeted gelatin methacrylate (GelMA)
hydrogels encapsulating mesenchymal stem cell-
derived exosomes demonstrated anti-fibrotic and
regenerative outcomes in a diabetic nephropathy
mouse model, combining the structural advantages of
a scaffold with the paracrine bioactivity of exosomes
[28]. Self-assembling peptide hydrogels provided
controlled pirfenidone delivery in UUO mice,
reducing transforming growth factor-f1 expression by
62% relative to systemic pirfenidone [29].

3.8 Inorganic and Hybrid Nanocarriers

Three studies evaluated inorganic nanocarriers. Gold
nanoparticles (AuNPs) conjugated with dapagliflozin
and co-administered with antioxidant agents
demonstrated significant renoprotection in a diabetic
nephropathy model, targeting miR-192 and miR-21
pathways implicated in TGF-f1-mediated tubular
injury [30]. Cerium oxide (ceria) nanoparticles,
exploiting their intrinsic ROS-scavenging activity,
were evaluated in both acute and chronic kidney injury
contexts; Wu et al. [31] developed ultrasmall ceria
nanoclusters (2—4 nm) with high superoxide dismutase
and catalase-mimetic activity and favourable
pharmacokinetic profiles, demonstrating significant
amelioration of CKD progression markers including
serum creatinine, BUN, and renal oxidative stress
indices.  Lactoferrin-decorated  cerium  oxide
nanoparticles further refined renal targeting by
exploiting the lactoferrin receptor on proximal tubular
cells [32].

3.9 Therapeutic Outcomes Across Nanocarrier
Classes

Table 2 summarises the primary efficacy outcomes
reported across included studies. Across all
nanocarrier types, the most consistently reported
beneficial outcomes were: (1) reduction in serum
creatinine (reported in 35/42 studies, mean reduction
28-52% vs. untreated controls); (2) reduction in blood
urea nitrogen (reported in 30/42 studies, mean
reduction 22-46%); (3) attenuation of renal fibrosis
assessed by Masson's trichrome or Sirius Red
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histomorphometry (reported in 38/42 studies, mean
fibrosis score reduction 31-68%); (4) suppression of
TGF-B1 and associated profibrotic signalling
(reported in 33/42 studies); and (5) reduction of
inflammatory cytokines including TNF-a, IL-6, and
IL-1P (reported in 29/42 studies).

Polymeric nanoparticles demonstrated the broadest
therapeutic consistency across multiple CKD models.
Lipid nanocarriers were most effective for nucleic acid
payload delivery with gene-level mechanistic impact.
Dendrimers achieved the highest selectivity for
specific cell populations (mesangial cells, podocytes)
but required more complex synthesis. Biomimetic and
stimuli-responsive systems offered the most advanced
targeting precision but remain at earlier developmental
stages.

3.10 Clinical Translation Evidence

Three early-phase human studies were identified. An
open-label Phase I/Ila trial of PLGA nanoparticle-
encapsulated tacrolimus in kidney transplant
recipients (n = 24) reported comparable
immunosuppressive efficacy with a 40% reduction in
systemic  tacrolimus exposure and reduced
nephrotoxicity at 12 months [33]. A Phase II
randomised controlled trial of kidney-targeted
liposomal methylprednisolone in patients with IgA
nephropathy (n = 56) demonstrated significantly
greater proteinuria reduction at 6 months compared to
conventional intravenous methylprednisolone (—54%
vs. =31%, p = 0.03), with a favourable safety profile
[34]. A Phase I trial of siRNA-loaded Ilipid
nanoparticles targeting TGF-B1 in patients with CKD
stage G3-G4 (n = 12) confirmed tolerability and
demonstrated preliminary anti-fibrotic signal, with
reductions in urinary TGF-B1 excretion at 4 and 8
weeks [35].

Table 1. Summary of Included Studies
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high-density lipoprotein; UUO = unilateral ureteral
obstruction; GFR = glomerular filtration rate; BUN =
blood urea nitrogen; TGF-B1 = transforming growth
factor-beta 1; ROS = reactive oxygen species; CKD =
chronic kidney disease.
Table 2. Therapeutic Outcome Summary by
Nanocarrier Class
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Values represent means = SD of percentage change
from untreated CKD controls across included studies.
NPs = nanoparticles; PLGA = poly(lactic-co-glycolic
acid); PEI = polyethyleneimine;, PAMAM =
polyamidoamine; Au = gold; CeO2 = cerium dioxide;
TGF-B1 = transforming growth factor-beta 1.

Table 3. Risk of Bias Summary — Animal Studies
(SYRCLE Tool; n=33)
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L = Low risk; U = Unclear/unknown; H = High risk.
Blinding of experimental personnel and outcome
assessors was the most frequently unclear or high-risk
domain, consistent with the broader preclinical
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nanomedicine literature. Most studies reported
complete outcome data with low risk for attrition bias.
4. Discussion

4.1 Principal Findings

This systematic review synthesised evidence from 42
studies examining nanocarrier- and biomaterial-based
targeted drug delivery for CKD, representing the most
comprehensive and methodologically rigorous
appraisal of this field to date. The principal findings
confirm that nanocarrier-based TDDS offer substantial
therapeutic benefits across multiple CKD models, with
consistent reductions in renal function markers (serum
creatinine, BUN), histological fibrosis, and pro-
inflammatory signalling. Polymeric nanoparticles —
particularly PLGA-PEG formulations —
demonstrated the broadest evidence base and
reproducibility. Lipid nanocarriers excelled in nucleic
acid delivery for gene-level intervention. The
identification of three early-phase clinical trials, while
modest in scale, signals important progress toward
translational validation.

4.2 Renal Targeting Mechanisms: Insights and
Limitations

The review illuminates the fundamental importance of
nanocarrier size in determining renal biodistribution.
Sub-10 nm particles transit the GFM and access
glomerular and tubular compartments, whereas
particles of 30-100 nm predominantly engage
megalin/cubilin-mediated endocytosis in proximal
tubular  cells [7,16]. This  size-dependent
organotropism can be exploited but also represents an
inherent constraint, since identical nanocarrier batches
may distribute differently in healthy versus CKD
kidneys. The disrupted GFM and increased tubular
permeability characteristic of progressive CKD can
paradoxically facilitate nanocarrier accumulation via
an enhanced permeability effect analogous to the
enhanced permeability and retention (EPR) effect in
tumour vasculature [6,13].

Active targeting substantially improved cell-specific
delivery but introduced formulation complexity and
potential immunogenicity concerns. Folate receptor
and megalin-based targeting were the most mature and
reproducible strategies [7,18]. The advent of disease-
specific targeting through KIM-1 — exploited by the
biomimetic HDL system of Wen et al. [26] — is
particularly elegant because target expression is

proportional to the degree of tubular injury, providing
a built-in selectivity mechanism that increases in
precision as disease severity increases.

Stimuli-responsive systems represent the most
sophisticated generation of TDDS but remain at early
stages of preclinical validation. The challenges of
achieving reliable, rapid, and sufficiently large drug
release in response to modest microenvironmental
gradients (e.g., a pH shift of 0.3—-0.5 units, or a 2-3-
fold ROS increase) remain significant engineering
hurdles [12,19,20].

4.3 Nanocarrier Class-Specific Considerations
PLGA-based nanoparticles benefit from an extensive
regulatory precedent and proven biocompatibility,
making them the most clinically tractable platform.
Their chief limitation is potential burst release of
hydrophilic drugs and incomplete encapsulation of
charged molecules. Chitosan-based systems offer
distinct advantages for oral delivery and
mucoadhesion, relevant to the predominantly oral
therapeutic context of CKD management [23]. Lipid
nanoparticles have been catapulted to global
prominence by the success of mRNA COVID-19
vaccines, and their RNA delivery capability translates
well to nephrology applications targeting fibrogenic
gene networks [25]. The translation of siRNA
therapeutics — which require cytoplasmic delivery —
depends critically on endosomal escape efficiency, a
parameter that varies significantly across ionisable
lipid chemistries.

Dendrimers offer precise architecture and multivalent
targeting capacity but remain expensive and
technically demanding to synthesise at clinical scale,
constraining their near-term translational prospects
[13]. Hydrogel and biomaterial scaffold systems are
not designed for systemic administration but offer a
compelling strategy for locoregional sustained
delivery following minimally invasive renal
procedures, a concept with growing relevance as
interventional — nephrology  advances  [27-29].
Inorganic nanocarriers, particularly ceria nanoclusters
with intrinsic antioxidant enzymatic activity, represent
a distinctive category that combines drug delivery with
material-inherent pharmacological function [31,32].

4.4 Translational Barriers
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Despite impressive preclinical results, the pathway to
clinical application remains obstructed by several
barriers. First, the majority of studies employed
relatively simple animal models (UUO, streptozotocin
diabetes) that do not fully recapitulate the
heterogeneous, multi-factorial pathobiology of human
CKD. Second, pharmacokinetic and biodistribution
studies frequently lack standardised metrics for
assessing true renal targeting efficiency, relying on
immunofluorescence imaging rather than quantitative
mass spectrometry-based methods. Third, long-term
safety data — including chronic accumulation,
immune activation, and potential genotoxicity of
nanocarrier components — are rarely reported in
studies focused on efficacy. Fourth, large-scale
manufacturing with reproducible physicochemical
properties, a requirement for regulatory approval, has
not been demonstrated for most nanocarrier platforms
described in this review. Fifth, the transition from
rodent to large animal models, and ultimately human
subjects, may reveal unexpected pharmacokinetic
differences due to allometric scaling of renal filtration
and receptor density [9,14].

4.5 Future Directions
The field would benefit substantially from multi-
centre, standardised preclinical studies employing

realistic CKD models — including the 5/6
nephrectomy model and aged animals with
comorbidities — and reporting comprehensive

pharmacokinetic, biodistribution, and toxicology
profiles. Development of standardised targeting
efficiency metrics and reporting checklists for renal
nanomedicine studies would facilitate cross-study
comparison and meta-analytic synthesis [9]. The
integration of TDDS with real-time renal monitoring
modalities — such as nanocarrier-embedded
biosensors or multimodal imaging probes — could
enable personalised, feedback-controlled drug
delivery. Artificial intelligence-assisted nanocarrier
design optimisation is an emerging frontier that may
accelerate the identification ~ of  optimal
physicochemical combinations for specific CKD
phenotypes. Clinical translation will be most feasibly
initiated for well-characterised nanocarrier platforms
(PLGA, LNPs) delivering drugs with established
clinical wuse, initially in immune-mediated
nephropathies where the benefit-risk ratio most clearly
favours innovative delivery strategies.

4.6 Strengths and Limitations

The strengths of this review include the
comprehensive multi-database search, pre-registered
protocol, duplicate screening and extraction, formal
risk of bias assessment across 33 animal studies, and
inclusion of both preclinical and clinical evidence.
Limitations include the inability to conduct formal
meta-analysis due to heterogeneity, the potential for
language bias (only English-language studies
included), and possible selective publication of
positive preclinical results. The risk of bias assessment
revealed that blinding of experimental personnel and
outcome assessors was consistently the most uncertain
or high-risk domain across animal studies, a finding
consistent with wider critiques of preclinical
nanomedicine methodology.

5. Conclusions

This systematic review demonstrates that targeted
drug delivery systems based on nanocarriers and
biomaterials represent a scientifically well-founded
and rapidly advancing therapeutic strategy for chronic
kidney disease. Across 42 included studies,
nanocarrier-based TDDS consistently outperformed
free drug controls on key markers of CKD
progression, including serum creatinine, blood urea
nitrogen, renal fibrosis, and pro-inflammatory
cytokine profiles. Polymeric nanoparticles (PLGA,
chitosan) and lipid-based nanocarriers (LNPs,
biomimetic HDL) demonstrated the most robust and
reproducible therapeutic evidence. Active targeting
via folate receptors, megalin/cubilin, and disease-
specific receptors such as KIM-1 substantially
enhanced renal specificity. Three early-phase clinical
trials provide preliminary evidence of tolerability and
efficacy in human subjects, justifying progression to
larger randomised controlled trials.

Significant translational challenges remain, including
the absence of standardised preclinical models and
reporting metrics, insufficient long-term safety data,
and manufacturing scalability concerns. Addressing
these Dbarriers through coordinated preclinical
standardisation, regulatory science engagement, and
innovative clinical trial design will be essential to
fulfil the substantial promise of renal nanomedicine
and ultimately deliver improved outcomes for the
hundreds of millions of people living with CKD
worldwide.
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Figure Legends

Figure 1. PRISMA 2020 Flow Diagram

Flowchart depicting the systematic search and study selection process. Records were identified from five electronic
databases (PubMed/MEDLINE, Scopus, Web of Science, Embase, and CENTRAL) and supplementary sources
(ClinicalTrials.gov, hand-searching). Sequential screening at title/abstract and full-text levels is presented with reasons
for exclusion. A total of 42 studies were included in the final systematic review. [See Figure 1 — PRISMA flow
diagram, generated separately]

Figure 2. Risk of Bias Visualization (RoB)

Summary and traffic-light plots of risk of bias assessment for included animal studies (n = 33) assessed using the
SYRCLE risk of bias tool. Each domain is displayed for all studies, colour-coded as low risk (green), unclear/unknown
risk (yellow), or high risk (red). Blinding of experimental personnel and outcome assessors was the most frequently
unclear or high-risk domain. [See Figure 2 — RoB visualisation, generated separately]
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