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Abstract

Purpose of review—The pathophysiological understanding of kidney related disorders has 

profoundly increased, however tissue- and cell-specific treatments in this field remain scarce. 

Advances in nanomedicine enable alteration of pharmacokinetics and targeted treatments 

improving efficiency and reducing toxicity. This review addresses recent developments of 

nanocarriers used for various purposes in the broad field of kidney disease, which may pave a 

path to therapeutic and diagnostic solutions for kidney disease.

Recent findings—Controlled delivery of antiproliferative medications enables improved 

treatment of polycystic kidney disease and fibrosis. Directed anti-inflammatory treatment 

mitigated glomerulonephritis and tubulointerstitial nephritis. Multiple injury pathways in AKI 

have been targeted, with therapeutic solutions for oxidative stress, mitochondrial dysfunction, 

local inflammation and improving self-repair mechanisms. In addition to the treatment 

development, non-invasive extremely early detection methods (minutes after ischemic insult) have 

been demonstrated as well. Sustained release of therapies to reduce ischemia reperfusion injury, 

and new aspects for immunosuppression bring hope to improving kidney transplant outcomes. The 

latest breakthroughs in gene therapy are made achievable with engineered targeted delivery of 

DNA and siRNA for new treatments of kidney disease.

Summary—The advances in nanotechnology and pathophysiological understanding of kidney 

diseases show potential for translatable therapeutic and diagnostic interventions in multiple 

etiologies of kidney disease.
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Introduction

Despite a profound increase in the pathophysiological understanding of kidney related 

disorders, treatment options are notably limited. Regardless of the specific etiology, the 

standard line of treatment remains limited to risk factor control for chronic kidney 

diseases (CKD), hemodynamic stabilization to allow for self-repair mechanism of acute 

kidney injury (AKI), and systemic immunosuppression for some glomerular diseases. Non-

optimal pharmacokinetics, off-target toxicity, low efficacy, and molecular instability are a 

few of the current challenges preventing development of positive therapeutic outcomes. 

Nanotechnology has recently emerged as a potential solution to these issues that could 

additionally present new treatment strategies for kidney disorders.

Nanoparticles are customizable therapeutic delivery vehicles possessing physicochemical 

properties that can be designed to controllably alter drug pharmacokinetics and 

pharmacodynamics (PK/PD), allowing for less toxicity, higher efficacy, improved stability, 

and thus new applications (Fig 1) [1]. These vehicles come in a variety of forms but are most 

commonly observed as dense solid core metallic or polymeric spheres or as self-assembled 

micelles or vesicles, which are respectively solid or hollow core spherical aggregates of 

lipid or polymer amphiphiles (Fig 2). The diverse types of nanoparticles and their wide 

range of compositions and applications are not the topic of this review and have been 

thoroughly discussed elsewhere [1–4]. While small molecules are an indispensable part of 

modern treatment, limitations in their development and administration can be overcome 

using nanoparticles. As an example, the field of cancer therapy has widely explored and 

benefited from nanoparticle-based formulations, where their enhanced organ, tissue, and 

cell specific targeting play a vital role in safer and FDA-approved chemotherapies[2]. 

Importantly, nanoparticles are an essential component of cutting-edge therapeutic strategies 

involving delivery of biologics and gene therapy, the latter of which was recently evidenced 

by the success of mRNA vaccine [5].

Compared to cancer and infectious disease, the utility of nanoparticles in kidney 

related disorders has received considerably less attention. Though slowly and steadily 

new therapeutics are being discovered for kidney diseases, simultaneous exploration of 

nanotechnology focused on kidney targeted drug delivery systems should elevate the search 

for better and safer kidney medicine [6–8]. Here we bring an updated review of recent 

seminal breakthroughs in the field of kidney disease focused nanomedicine (Table 1).

Chronic kidney Disease (CKD)

Multiple etiologies lead to CKD, resulting in reduced kidney function. The common 

endpoint phenotype is interstitial fibrosis, with a common groom prognosis and need for 

dialysis or transplant. The reduced renal clearance aggravates pharmacokinetic and toxicity 

limitations of current therapeutics. Recent advances in nanoparticle facilitated, controlled, 
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and targeted delivery of small molecules and biologics have opened new paradigms for 

multidirectional interventions.

Autosomal Dominant Polycystic Kidney Disease (ADPKD), is caused by a second hit 

mutation in the PKD genes, resulting in increased proliferation of renal tubular epithelial 

cells (RTEC) and leading to cyst formation and eventually end stage renal disease. Direct 

M-TOR inhibitors (M-TORi) and Metformin have been shown in experimental models 

to reduce proliferation of the RTEC in ADPKD, however their clinical applications are 

limited due to off-target toxicity. M-TORi or Metformin loaded peptide amphiphile micelles, 

targeted to proximal RTEC (PTEC) or to the cortical collecting duct, significantly improved 

reduction of epithelial cell proliferation and cyst growth compared to the free drugs [9–11]*. 

Encapsulating these ~14 nm nanoparticles into larger 130 nm chitosan nanoparticles for 

protection from low pH environments allowed for oral administration with similar positive 

effects, overcoming the need for chronic parental administration in a lifelong condition [11].

Diabetic Nephropathy is the most common etiology for end stage renal disease (ESRD). 

While the focus in diabetes has for decades been on blood glucose control for prevention of 

complications, new therapies improving clinical outcomes have started to evolve. However, 

specific treatments designed for diabetic nephropathy damage pathways are rare. Chronic 

exposure to elevated blood sugars generates advanced glycation end products, with constant 

oxidative stress resulting in kidney damage. The use of gold salt for the treatment of 

various medical conditions has for decades been attempted and balanced against the many 

side effects including nephrotoxicity. Recently, gold nanoparticles [12] and zinc oxide 

nanoparticles targeted to PTEC [13] were both found to reduce diabetic kidney injury. These 

results are encouraging, although further development is needed to address chronic disease.

Glomerular Nephropathy, as opposed to many CKD etiologies, is commonly treated. 

That said, the main treatment of all types of glomerular nephropathy is systemic 

immunosuppression, which is associated with a broad range of adverse effects and remains 

an ongoing controversial subject as the use of corticosteroid treatment for IgA nephropathy. 

Nanoparticles targeted to inflamed glomerular endothelium were loaded with a traditional 

Chinese root extract possessing anti-inflammatory effects, which reduced kidney disfunction 

and proteinuria in advanced IgA nephropathy. The anti-inflammatory properties were shown 

to be driven by eNOS increased expression and VCAM-1 expression reduction [14]*.

Tubulointerstitial nephropathy (TIN) is caused by multiple etiologies, often by commonly 

used medications such as nonsteroidal anti-inflammatory agents, antibiotics, and proton 

pump inhibitors. This nephropathy does not necessarily cause glomerular damage, thus 

serum creatinine remains normal, although tubular dysfunction, including non-nephrotic 

proteinuria, eventually evolves to fibrosis and CKD. Since there are no available specific 

treatments for TIN, there has been interest in assessing the role of gold nanoparticles 

(AuNP) in alleviating this often-misdiagnosed syndrome. Peres et al. [15]* demonstrated 

AuNP delivery to ameliorate the reduction of megalin-mediated albumin endocytosis in 

PTECs, preventing tubular albuminuria and switching from a pro-inflammatory to an anti-

inflammatory profile. This was measured by reduction in the Th1 (IFN-γ) and Th17 (IL-17) 
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responses and an increase in the Th2 (IL-4) response. They also demonstrated lowered 

collagen deposition associated with a decrease in urinary γ-GT and LDH activities.

Kidney Interstitial Fibrosis, the common end point of most nephropathies, bares the 

heaviest negative prognostic value among histologic findings. Myofibroblasts are key 

players in renal fibrosis. Nitric oxide (NO) is toxic to myofibroblasts, although its low 

bioavailability and broad spectrum of effects on other tissues prevents systemic NO use for 

fibrosis. NO donor molecules loaded in pH responsive micelles were designed for payload 

release at acidic conditions (in areas of ongoing tissue damage as well as intracellularly, in 

the lysosome). These nanoparticles had increased uptake in fibrotic kidneys and significantly 

reduced fibrosis [16]*. Several nanoparticle formulations have shown promise in the kidney 

by repurposing antifibrotics that were already approved for other indications. Targeted 

peptide-based nanoparticles loaded with the multi-kinase inhibitor Sorafenib, which is 

FDA approved for treatment of several carcinomas, were found to suppress myofibroblast 

activation and reduce kidney fibrosis [17]*. Metformin has antifibrotic effects on kidneys 

and other organs, although requires a dose five times higher than used for its usual 

diabetes treatment. Furthermore, reduced GFR increases the risk of metformin associated 

lactic acidosis preventing this treatment for fibrosis. Once loaded within nanoparticles and 

targeted to RTEC, metformin demonstrated superior anti-apoptotic, anti-inflammatory, and 

anti-fibrotic effects compared to its free form [18]*.

Acute Kidney injury (AKI)

Few clinical tools exist to reduce AKI aside from hemodynamic stabilization and avoidance 

from additional nephrotoxic insults. Although the pathophysiology of the tubular damage 

has been extensively studied to reveal several pathways responsible for maladaptive AKI 

recovery, translation into clinical interventions has yet to occur. It is this setting that brings 

multiple attempts to utilize nanomedicine to achieve safe therapeutic interventions.

Increased oxidative stress and accumulation of reactive oxygen species (ROS) in RTEC 

are a critical aspect of the AKI damage cascade. The vast majority of AKI is prerenal 

and derives from hypovolemia or has evolved into ischemic acute tubular necrosis (ATN), 

therefore, most nanomedicine interventions have been tested on an Ischemia reperfusion 

injury (IRI) model. N-Acetyl Cysteine (NAC) is effective in tubular ROS reduction and 

minimization of rodent renal injury. However, low bioavailability and minimal renal 

accumulation hamper any clinical benefit and recommendations for contrast induced 

nephropathy prevention were removed from the guidelines. Gold nanoclusters capped 

with NAC demonstrated improved antioxidative and anti-inflammatory effects compared 

to free NAC, achieving AKI reduction and reduced rodent mortality [19]*. Several other 

substances that were traditionally known to act as antioxidants have been loaded into 

nanoparticles targeted to RTEC, successfully reducing oxidative stress in the injured kidney, 

and mitigating kidney dysfunction [20–26]*. A promising strategy has been to co-load 

within nanocarriers both ROS scavengers along with drugs used to treat other damage 

mechanisms to further reduce inflammation [27]* or intracellular calcium, which is believed 

itself to trigger multiple damage mechanisms [28]**.
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Mitochondrial dysfunction is an additional element involved in the AKI process, initiating 

apoptosis pathways, and several mechanisms of mitochondrial dysfunction have been 

addressed using nanocarriers. Formoterol, a long-acting β-agonist (LABA) commonly used 

in obstructive pulmonary disease, has been shown to stimulate mitochondrial biogenesis. 

Although the use of LABA improved AKI and podocyte damage in-vitro, minimal renal 

uptake of these drugs and significant cardiac adverse effects have prevented their use. 

Formoterol nanoparticles improved drug accumulation in PTEC and demonstrated renal 

mitochondrial biogenesis while myocardial mitochondrial biogenesis was decreased [29]*. 

Another significant cell death pathway contributing to AKI is ferroptosis. Iron chelators 

can prevent AKI by reducing the utilization of intracellular free iron. However, systemic 

toxicity precludes them from being used. Iron chelating nanoparticles ameliorated AKI by 

reducing ferroptosis while evading toxicity of systemic iron chelation [30]*. Excess ROS 

causes mitochondrial dysfunction and apoptosis triggering through excessive activation of 

PARP-1. RTEC targeted nanocarriers loaded with an inhibitor of PARP-1 ameliorated AKI 

by reducing apoptosis [26]*.

Renal inflammation plays a notorious role in AKI, although systemic treatment with 

anti-inflammatory medications can present multiple adverse effects that limit their utility. 

To address this issue, the co-loading of kidney specific anti-inflammatory agents into 

nanocarriers together with therapeutics for an additional injury mechanism has been 

attempted to better mitigate AKI [26, 27, 31, 32]. For example, chemokine receptor 4 

(CXCR4) is highly expressed in injured RTEC and enhances leucocyte recruitment during 

AKI, and thus injected CXCR4a nanoparticles successfully reduced inflammation and AKI 

[31, 32]*. Surface chemistry optimization of CXCR4a NPs, lead to better kidney targeting 

[33]*. Cell free DNA (cfDNA) is abundant during AKI and is considered to increase 

local inflammation. Mn3O4 nanoflowers functioned as cfDNA scavengers reducing kidney 

damage [27]**.

Renal repair processes are strongly regulated by type 2 innate lymphocytic cells (ILC2) 

and regulatory T (Treg) cell expansion, causing a shift from pro- to anti-inflammatory 

macrophage phenotypes. Interleukin-33 (IL33) is known to have protective effects in IRI 

through its expansion of ILC2 and Tregs. However, IL-33 systemic treatment for IRI is 

limited due to the cytokine’s short half-life and lack of kidney specificity. Rectangular DNA 

origami nanocarriers (rDON) are highly programmable, biocompatible, and biodegradable 

nanostructures that preferentially accumulate in the kidney when constructed at certain 

dimensions. rDON loaded with IL33 accumulated in kidneys for 48 hours while clearing 

out of all other organs significantly earlier. Compared to free IL33 treatment, IL33 gradually 

released from rDONs to improve recovery from ischemic AKI, while kidney Tregs were 

upregulated, and macrophages shifted from M1 to M2 [34]**.

Early non-invasive detection of acute kidney injury is a growing field of interest. Currently, 

the use of clinically available biomarkers for kidney function, such as serum creatinine, 

cause the diagnosis of AKI to lag ~48 hours behind the actual initiation of damage and 

necessitate constant blood sampling. Thus, methods are needed to detect kidney damage 

earlier and immediately intervene during high-risk situations. Recently, several molecular 

optical probes have been developed that use the second near infra-red (NIR-II) spectrum for 

Boaz et al. Page 5

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2024 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



photoacoustic imaging, which enabled non-invasive AKI detection as early as 10 minutes 

after injury initiation and long before increases in serum biomarkers [35–37]*. The detection 

of both injury and improvement can be monitored over 82 hours [36]*. Of note, AKI 

can be detected ten minutes after ischemia initiation, with the detection triggered by HIF 

upregulation. Combining this early detection with an instantaneous response from the nano-

detectors’ function as a ROS scavenger, which is also potentiated by the HIF upregulation, 

have a great potential to mitigate AKI before damage escalates [37]**.

Kidney transplantation

ESRD patients are doomed to a life of renal replacement therapy (RRT). Kidney 

transplantation provides most recipients with increased life span, reduced morbidity, and 

improved quality of life. However, a shortage of grafts remains a significant problem and the 

majority of ESRD patients will never get transplanted.

Ischemia Reperfusion Injury, which increases with prolonged cold ischemia time in kidney 

grafts from deceased donors, remains a major obstacle in the efforts to expand the scope of 

kidneys that can be utilized for transplant. IRI causes reduced kidney function and increases 

rates of rejection, both decreasing graft survival. The injury evolves from increased oxidative 

stress in the first hours, which later induces local inflammation causing further damage. An 

rDON loaded with anti-C5a aptamers demonstrated effective sequential treatment while the 

DNA component functioned as a ROS scavenger and competitive binding of C5a halted 

complement deposition and inflammation upregulation in the later stage [38]*. This type of 

nanocarrier could be delivered directly to a kidney graft during transplant with potential of 

improving kidney graft function and reducing rejection.

Acute allograft rejection has been significantly reduced after the incorporation of 

calcineurin inhibitors in the 1970s, although since then there has been minimal progress 

in this field, and rejection remains the main cause of graft loss and return to RRT. 

Systemic immunosuppression often induces foreseeable and devastating complications. 

Although immunosuppression ideally focuses on T-cell activity, the innate immune system 

has a crucial role in sensitization, eventually causing rejection. Nanoparticles targeting 

circulating inflammatory monocytes caused them to sequester in the spleen, where they 

underwent apoptosis [39]*. This treatment was shown to reduce acute rejection and offers 

proof of principle to broaden the spectrum of induction treatments in the COVID-19 

era and growing worries over the use of lymphocyte depleting agents. Rapamycin is an 

example of a potent immunosuppressive drug with systemic adverse effects that limit 

its common use. Burke et al, [40]* recently repurposed rapamycin by using rapamycin 

loaded polymersomes targeted to diverse antigen presenting cell populations. This resulted 

in Treg upregulation that switched the mechanism of action for rapamycin from non-specific 

systemic immunosuppression to instead antigen-specific tolerance in a pancreatic islet-cell 

model.

Renal sparing treatment for renal cell carcinoma (RCC)

Advanced targeting strategies enabled by nanomedicine have allowed safe and selective 

antineoplastic treatments for RCC, reducing nephrotoxicity during systemic administration. 
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The use of serine residues as targeting moieties increased the uptake of 90yttrium-loaded 

poly-L-lysine nanocarriers from 21% to 91% within the total RTEC population. In contrast 

to the free 90yttrium, targeted 90yttrium-loaded nanoparticles caused no nephrotoxicity while 

vastly improving the antineoplastic effect on the contralateral kidney [41]*. In another key 

example, micelles targeted to CD70, which is upregulated in RCC, were loaded with HIF2α 
small interfering RNA (siRNA) to downregulate oncogenes and enhance the selectivity of 

tumor treatment [42]*.

Gene therapy

Nanoparticle-based mRNA vaccines against COVID-19 were recently introduced to millions 

of people worldwide and validated both the immense potential and safety of gene delivery 

as therapeutic strategy. In the area of kidney disease, gene therapy has demonstrated reversal 

of the ADPKD phenotype upon re-expression of silenced pkd genes [43]. Several kidney 

specific RNA/DNA carriers have been developed for the delivery of genes in the treatment 

of kidney disease. Nanocarriers loaded with DNA plasmids were targeted to PTEC using 

a ligand to Vimentin, with improved RTEC transfection rates and less toxicity [44]*. 

Tumor suppressor gene p53, which regulates apoptosis and has a significant role in AKI 

pathophysiology, was recently silenced via siRNA delivery. siRNA loaded in RTEC-specific 

nanocarriers blocked p53 transcription, reducing apoptosis and mitigating AKI [31, 32]*.

Conclusions

Nanomedicine enables controlled delivery of substances in a targeted manner, allowing to 

alter pharmacokinetics, reduce toxicity, improve efficacy and stability, and thus overcome 

obstacles for improved treatment [1].

Recent advances in nanotechnology coupled with improved pathophysiological 

understanding of kidney related disorders have together made it possible to develop 

translatable therapeutic and diagnostic interventions for multiple etiologies of kidney 

disease. A few notable examples of progress in this field were the improved delivery 

of antiproliferative medications to treat ADPKD and fibrosis, directed anti-inflammatory 

treatment for GN and TIN, and reduction of multiple injury pathways in AKI 

including oxidative stress, mitochondrial dysfunction, and local inflammation. Additional 

nanoparticle-mediated advances include the sustained release of therapies to reduce IRI 

applicable after transplant, introduction of new aspects of anti-rejection treatment, targeted 

delivery of DNA and siRNA, as well as non-invasive ultra-early diagnosis of AKI. Some 

developments in therapeutics for processes like diabetic nephropathy and fibrosis were 

tested in models with acute disease conditions and necessitate further development to 

better address treatment under the chronically evolving conditions associated with diabetic 

nephropathy.

Targeting specific organs has been growing more common, with multiple successful 

attempts of targeting RTECs. Single cell analysis grants us profound knowledge of kidney 

disease pathophysiology, to the cellular level. Therefore, there is still a great need to 

improve the targeting ability to other specific cells involved in diseases, as well as more 

accurately assess the specific cellular uptake. There is a need for more collaborative 

Boaz et al. Page 7

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2024 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



approaches between nano/bioengineers and clinical experts to address concurrent needs 

and avoid common misconceptions. For example, many researchers in the field assume 

that nanoparticles of size 50–200 nM accumulate in the tubular region by penetrating the 

glomerular filtration barrier (GFB). A better understanding of kidney microanatomy will 

clarify that the GFB size barrier, comprised of the basement membrane proteoglycans and 

the podocyte slit diaphragm (and not the endothelial fenestrations) is ~5 nM. Thus, the 

tubular uptake of larger particles, even in a state of disease, must occur at the basolateral 

RTEC membrane via the peritubular capillaries. Such nanoparticles cannot target podocytes 

through the GFB for similar reasons. These misconceptions have great implications 

regarding engineering of nanocarriers and targeting ligands. Crosstalk between all the 

stakeholders and inclusion of multiple expertise in peer review and collaborative projects 

shall help in realizing the benefit of Nanomedicine for better therapeutic outcomes. Another 

possibility for misinterpretation of targeted delivery could derive from particle instability. 

Although vesicular shaped particles tend to be more stable, micelles are by far more 

commonly used. Micelles at times tend to breakdown and release their payload, or even 

breakdown to multiple smaller micelles and components. On rare occasions, fluorescent tags 

and other traceable markers are used to monitor the biodistribution of both the micellar 

carrier as well as the payload simultaneously to assess stability during delivery. The stability 

of the nanocarrier formulation can have crucial importance on the cellular targeting and 

reproducibility of the nanotherapy and should be thoroughly characterized (Fig 3) [45].

While hundreds of articles assessing nano-medications in oncology and other fields are 

published annually, over the same period of time only a few dozen publications present 

such strategies in kidney science. The time has come to combine the large wealth of renal 

knowledge with rapidly evolving capabilities in nanotechnology to progress translational 

science and treatment improvement in kidney disease.
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[23]. Zhang D-Y, Liu H, Zhu KS et al. Prussian blue-based theranostics for ameliorating acute kidney 
injury. Journal of Nanobiotechnology 2021; 19:1–14. [PubMed: 33397416] *The use of Prussian 
blue loaded nanoparticles resulted in ROS reduction and reduced rodent mortality from AKI.

[24]. Qi X, Wang J, Fei F et al. Myricetin-Loaded Nanomicelles Protect against Cisplatin-Induced 
Acute Kidney Injury by Inhibiting the DNA Damage-cGAS–STING Signaling Pathway. 
Molecular Pharmaceutics 2022; 20:136–146. [PubMed: 36326450] *This study demonstrated 
a double mechanism of AKI reduction while Myricetin loaded nanoparticles reduced ROS as 
well as inhibited cisplatin-induced activation of the DNA damage-cGAS−STING pathway.

[25]. Chen Z, Qi F, Qiu W et al. Hydrogenated Germanene Nanosheets as an Antioxidative Defense 
Agent for Acute Kidney Injury Treatment. Advanced Science 2022; 9:2202933. *This study 
presents a successful attempt to engineer a nanosheet structure from hydrogenated germanene as 
an efficient ROS scavenger, significantly reducing AKI compared to NAC.

[26]. Zhao X, Sun J, Dong J et al. An auto-photoacoustic melanin-based drug delivery nano-platform 
for self-monitoring of acute kidney injury therapy via a triple-collaborative strategy. Acta 
Biomaterialia 2022; 147:327–341. [PubMed: 35643195] *This study demonstrates a combination 
of specific antibody (GPR97) mediated targeting to injured RTEC, as well as combining 
two remedies (PJ34; a PARP-1 inhibitor, and melanin; a ROS scavenger) to intervene in 3 
separate AKI pathways (activation of the Keap-1/Nrf2/HO-1 pathway, antiapoptotic effect and 
anti-inflammatory effect).

[27]. Meng L, Feng J, Gao J et al. Reactive Oxygen Species-and Cell-Free DNA-Scavenging Mn3O4 
Nanozymes for Acute Kidney Injury Therapy. ACS Applied Materials & Interfaces 2022; 
14:50649–50663. [PubMed: 36334088] ** This study successfully incorporated two different 
pathways of kidney damage: reduction of oxidative stress (ROS scavenging) and inflammation 
reduction. cfDNA is found abundant during AKI and thought to further trigger inflammation, 
thus cfDNA scavenging reduces local inflammation. The ROS reduction functioned in a cascade 
manner by first uptaking O2- to H2O2 and further hydrolyzing the latter.

[28]. Wang Y, Pu M, Yan J et al. 1, 2-Bis (2-aminophenoxy) ethane-N, N, N′, N′-tetraacetic Acid 
Acetoxymethyl Ester Loaded Reactive Oxygen Species Responsive Hyaluronic Acid–Bilirubin 
Nanoparticles for Acute Kidney Injury Therapy via Alleviating Calcium Overload Mediated 
Endoplasmic Reticulum Stress. ACS nano 2022. **This study combined treatment of two 
mechanisms for kidney injury; direct reduction of oxidative stress with a natural antioxidant 
(bilirubin) normally not found intracellularly in the target RTEC, alongside intracellular calcium 
reduction known to trigger multiple different injury mechanisms. In addition, it incorporated a 
ROS reactive safety mechanism allowing for the calcium chelator to be released only in the 
intracellular oxidative environment, thus reducing risk of off target toxicity.

[29]. Vallorz EL, Blohm-Mangone K, Schnellmann RG, Mansour HM. Formoterol PLGA-PEG 
nanoparticles induce mitochondrial biogenesis in renal proximal tubules. The AAPS journal 
2021; 23:88. [PubMed: 34169439] *This study demonstrated that the nanocarriers allowed 
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repurposing of LABA, commonly used for COPD, by PTEC targeting and thus elimination of 
cardiac adverse effects in a systemic administration. The LABA nanoparticles safely caused renal 
mitochondrial biogenesis.

[30]. Xie X, Zhang Y, Su X et al. Targeting iron metabolism using gallium nanoparticles to suppress 
ferroptosis and effectively mitigate acute kidney injury. Nano Research 2022; 15:6315–6327. 
*This study used gallium loaded nanoparticles as an intracellular iron chelator, evading the 
toxicity of systemic iron chelation. This allowed to ameliorate AKI by reduction of ferroptosis 
and mitochondrial damage.

[31]. Tang W, Chen Y, Jang H-S et al. Preferential siRNA delivery to injured kidneys for combination 
treatment of acute kidney injury. Journal of Controlled Release 2022; 341:300–313. [PubMed: 
34826532] *This study presents a combination delivery of a cytokine antagonist for prevention 
of local leucocyte recruitment, combined with small interrupting RNA reducing apoptosis for 
synergistic protective effect in cisplatin induced AKI.

[32]. Tang W, Panja S, Jogdeo CM et al. Modified chitosan for effective renal delivery of siRNA to 
treat acute kidney injury. Biomaterials 2022; 285:121562. *This study presents RTEC targeting 
with loaded siRNA successfully downregulating transcription of tumor suppressor gene p53, 
found involved in AKI pathophysiology.

[33]. Tang W, Panja S, Jogdeo CM et al. Study of Renal Accumulation of Targeted Polycations 
in Acute Kidney Injury. Biomacromolecules 2022; 23:2064–2074. [PubMed: 35394757] *This 
study assessed simple modifications with polycataion groups to improve RTEC targeting. 
Hydroxyl groups were found to be the best in minimizing serum protein adsorption causing 
maximal uptake to ischemic RTEC.

[34]. Li W, Wang C, Lv H et al. A DNA nanoraft-based cytokine delivery platform for alleviation 
of acute kidney injury. ACS nano 2021; 15:18237–18249. **As opposed to the vast majority of 
nanomedicine interventions for AKI, that focus on reducing the damage which is often already 
complete at the time of diagnosis, this study enhances the self-repair mechanism to improve 
recovery.

[35]. Yao C, Chen Y, Zhao M et al. A Bright, Renal-Clearable NIR-II Brush Macromolecular 
Probe with Long Blood Circulation Time for Kidney Disease Bioimaging. Angewandte Chemie 
International Edition 2022; 61:e202114273. *This study designed a nanoprobe for noninvasive 
early recognition of AKI, with ~10 fold brighter fluorescence than previously reported 
PEGylated second near infra-red (NIR-II) renal-clearable probes.

[36]. Weng J, Wang Y, Zhang Y, Ye D. An activatable near-infrared fluorescence probe for in vivo 
imaging of acute kidney injury by targeting phosphatidylserine and caspase-3. Journal of the 
American Chemical Society 2021; 143:18294–18304. *This study demonstrates the use of NIR-
II fluorescence for noninvasive early AKI detection. It is triggered by ischemic induced caspase 
activation as early as 24 hours post AKI, at a time that creatinine was still near normal.

[37]. Xu Y, Zhang Q, Chen R et al. NIR-II Photoacoustic-Active DNA Origami Nanoantenna for Early 
Diagnosis and Smart Therapy of Acute Kidney Injury. Journal of the American Chemical Society 
2022. **This study utilizes an injectable biodegradable nanodevice (rDON) for a dual purpose: 
early noninvasive detection of ischemic kidney injury and injury triggered treatment. Injury 
was detected at 10 minutes after the ischemic insult (~48 hours prior to creatinine elevation) 
triggered by HIF upregulation. After injury detection and photoacoustic readout, there is also 
increased function as a ROS scavenger by the DNA scaffold, reducing the kidney injury as early 
as possible.

[38]. Chen Q, Ding F, Zhang S et al. Sequential therapy of acute kidney injury with a DNA 
nanodevice. Nano Letters 2021; 21:4394–4402. [PubMed: 33998787] *This study utilizes a 
designed DNA origami nanodevice for sequential two step treatment of kidney damage; early 
ROS scavenging and reduction of inflammation upregulation by complement binding.

[39]. Lai C, Chadban SJ, Loh YW et al. Targeting inflammatory monocytes by immune-modifying 
nanoparticles prevents acute kidney allograft rejection. Kidney International 2022; 102:1090–
1102. [PubMed: 35850291] *This study presents proof of principle to broaden the spectrum of 
induction treatments for transplant, by targeting the innate immune system, and thus reducing 
sensitization and rejection in the early stage. This has great significance in the COVID-19 era and 
growing worries regarding use of lymphocyte depleting agents.
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[40]. Burke JA, Zhang X, Bobbala S et al. Subcutaneous nanotherapy repurposes the 
immunosuppressive mechanism of rapamycin to enhance allogeneic islet graft viability. Nature 
nanotechnology 2022; 17:319–330. *This study successfully demonstrated repurposing of a well 
know immunosuppression drug with multiple toxicities, by targeting rapamycin to dendritic cells. 
This resulted in antigen-specific tolerance, which could have huge significant implications for the 
future of transplant.

[41]. Katsumi H, Kitada S, Yasuoka S et al. L-Serine-Modified Poly-L-Lysine as a Biodegradable 
Kidney-Targeted Drug Carrier for the Efficient Radionuclide Therapy of Renal Cell Carcinoma. 
Pharmaceutics 2022; 14:1946. [PubMed: 36145694] *This study demonstrated a simple 
modification to previously characterized nanoparticles increased RTEC uptake, from 21% to 
91%, and improved biodegradability. These nanoparticles loaded with 90yttrium showed reduced 
nephrotoxicity to the healthy kidney and vast improvement of the antineoplastic effect on the 
contralateral kidney.

[42]. Trac N, Oh HS, Jones LI et al. CD70-Targeted Micelles Enhance HIF2α siRNA Delivery and 
Inhibit Oncogenic Functions in Patient-Derived Clear Cell Renal Carcinoma Cells. Molecules 
2022; 27:8457. [PubMed: 36500549] *This study presents RCC specific targeting, delivering 
HIF2α siRNA, and causing oncogene downregulation. This is an example of tumor specific 
treatment with renal sparing of the healthy kidney.

[43]. Dong K, Zhang C, Tian X et al. Renal plasticity revealed through reversal of polycystic kidney 
disease in mice. Nature genetics 2021; 53:1649–1663. [PubMed: 34635846] 

[44]. Mathew AP, Uthaman S, Bae EH et al. Vimentin Targeted Nano-gene Carrier for Treatment 
of Renal Diseases. Journal of Korean Medical Science 2021; 36. * This study presents a 
potential kidney specific gene delivery system. Ligands for vimentin were used to target the DNA 
nanocarriers to PTECs, and co-loading of hyperosmotic sorbitol increased RTEC transfection 
with reduced toxicity.

[45]. Ghezzi M, Pescina S, Padula C et al. Polymeric micelles in drug delivery: An insight of 
the techniques for their characterization and assessment in biorelevant conditions. Journal of 
Controlled Release 2021; 332:312–336. [PubMed: 33652113] 
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Key points

• The pathophysiological understanding of kidney related disorders has 

profoundly increased, however tissue- and cell-specific treatments in this field 

remain scarce.

• Advances in nanomedicine enable alteration of pharmacokinetics and targeted 

treatments improving efficiency and reducing toxicity.

• Controlled delivery of antiproliferative medications enables improved 

treatment of polycystic kidney disease and fibrosis, while directed anti-

inflammatory treatment mitigates glomerulonephritis and tubulointerstitial 

nephritis.

• Multiple injury pathways in AKI have been targeted, with therapeutic 

solutions for oxidative stress, mitochondrial dysfunction, local inflammation 

and improving self-repair mechanisms.

• There is need to improve the targeting ability to specific kidney cells besides 

RTECs, to thoroughly characterize nanocarrier formulation stability and to 

improve crosstalk between multiple expertise in collaborative nanomedicine 

kidney focused projects.
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Figure 1. 
Advantages of nanoparticles

A. Therapeutic molecules are not taken up intracellularly although when loaded in 

nanoparticles they enter the cell and are released inside.

B. Specific cellular targeting with ligands (antibody, peptide etc.) specific to the cell/

condition

C. Different forms of nanostructures can allow local sustained release of therapeutics.

D. Several different molecules are co-delivered to the cell for synergistic effect.

E. Nucleic acids (DNA/RNA) are degraded when exposed in the serum although remain 

protected when loaded in nanoparticles.
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Figure 2. 
Main types of nanoparticle composition and morphology

A. Lipid

B. Synthetic and biological polymer

C. Inorganic

Vesicle shaped nanoparticle (polymersome, liposome) - hydrophilic core can load 

hydrophilic molecules and hydrophobic bilayer can load hydrophobic molecules.

Micelles - Hydrophobic core can load hydrophobic molecules.

Inorganic nanoparticles - therapeutic effect of the element itself, and inorganic element core 

with additional therapeutics
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Figure 3. 
Particles delivery through the glomerular filtration barrier (GBF): Gold nanoparticles of 3 

nM diameter flow freely through the GBF, large vesicle shaped particles of 100 nM diameter 

do not flow through, Micelles of 20 nM are less stable and some are disrupted to different 

sized clusters/micelles with drug spilled out to the serum although some of the dye remains 

in the clusters and continues to flow through the GBF.
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