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Abstract

The kidney is one of the body’s main filtration organs, and hence, opportunity exists for designing 

nanomedicine that can naturally accumulate in the kidneys for renal diseases. In addition to 

traditional physiochemical properties for kidney accumulation, such as size and charge, 

synthesized nanoparticles can be conjugated with targeting ligands which further home the 

nanocarriers to cell types of interest In this review, we highlight key studies that have shown 

success in utilizing peptide- or antibody-based ligands in nanoparticles to target the glomerulus, 

podocytes, or renal tubule cells in the kidney. In addition, other ligand candidates which have 

shown renal affinity, but have not yet been integrated into a nanoparticle are also presented. These 

studies can provide insight into the design of novel clinical solutions for improved detection, 

prevention, and treatment of renal diseases using nanomedicine efforts

1. Introduction

Medications that are administered systemically have potential for adverse side effects. The 

kidney and liver are especially susceptible, as together they receive approximately 45% of 

the cardiac output, and are the main organs involved in the excretion and metabolism of 

wastes in the body.1,2 For instance, common antibiotics or non-steroidal, anti-inflammatory 

drugs may cause tubulointerstitial nephritis and acute tubular necrosis in the kidney when 

high doses are administered systemically.3 Therefore, nanomedicine aims to exploit 

properties of matter at the nanoscale to improve traditional therapeutics or create new 

opportunities for treatment.4 For example, utilizing nanoparticles to encapsulate or conjugate 

therapeutics can improve pharmacokinetics, increase potency to a specific tissue type, or 

deliver molecules to tissues which are normally considered “undruggable” due to the body’s 

immune and excretory systems.5

In this review, we discuss key studies in nanomedicine towards kidney applications. We 

specifically focus on peptide-and antibody-based targeting ligands that have been used in 

nanoparticle studies. We also compile additional peptide and antibody ligands that show 

renal specificity, which may be used in nanoparticle systems in future efforts. Amino acid-

based ligands are selected due to their biocompatibility and relatively safe degradation 

products.6,7 For an overview of kidney targeting strategies encompassing antibody mimetics, 
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proteins, nucleic acids, and small-molecule ligands, refer to the review by Kamaly et al.8 

Here, we first summarize the fundamental physical properties of nanoparticle size and 

charge that affect biodistribution, which provide a “passive” targeting effect toward the 

kidneys without specific ligand interaction with cells. Subsequently, targeting ligands 

reviewed will be categorized by the specific kidney cell type they target, which includes 

glomerular endothelial and epithelial cells, tubule cells, podocytes, or mesangium cells. This 

intra-kidney specificity is desirable to focus therapeutics specifically to diseased cell types, 

and minimize off target toxicity.

1.1. Renal anatomy and common pathologies

The main repeating functional unit of the kidney is the nephron. Nephrons are organized into 

layers within the kidney, where the glomerulus, proximal and distal tubules residing mostly 

in the cortex, and the loop of Henle and collecting duct form deeper layers in the medulla 

(Fig. 1).9 The first renal structure unfiltered blood encounters is the glomerulus. The 

glomerulus is comprised of a cluster of capillaries surrounded by Bowman’s capsule, which 

together form the renal corpuscle. This structure is lined with parietal epithelial cells, 

thought to serve as a reservoir for renal progenitor cells.10 The interstitial spaces within the 

glomerular capillaries are occupied with mesangial cells, which provide the maintenance of 

capillary organization and support filtration processes for glomerular endothelial cells.11 The 

glomerular filtration barrier surrounds the endothelial cells and mesangial cells, which 

consists of the glomerular basement membrane as well as associated podocytes. The 

podocytes form interdigitating foot processes along the glomerular basement membrane, 

creating 4–11 nm slits that prevent the passage of large macro-molecules. In sum, the kidney 

is an organ with many cell types exposed to ever changing external fluid compositions and 

concentrations.

Acute kidney injury (AKI) is a broad term and historically assessed by the magnitude of 

serum creatinine concentration increase, a waste product generated by the muscles.12 

Normal levels for a healthy individual range between 0.6–1.2 milligram per deciliter of 

blood.13 Common causes of acute pathologies include hypotension/sepsis, trauma, acute 

tubular necrosis, contrast injury, and urinary obstruction.14 Genetic predispositions may 

instead cause chronic conditions such as polycystic kidney disease or lupus nephritis. 

Repeated exposure to harmful substances and secondary chronic conditions such as diabetes 

or high blood pressure can also lead to glomerulone-phritis. For a review of nanoparticles 

used for kidney applications categorized by disease type, refer to the review by Brede et al.15

1.2. Nanoparticle size and charge

Most studies have administered nanoparticles intravenously, as this delivery route offers the 

highest bioavailability.16 One of the most studied factors in nanoparticle design is size, as 

differing diameters of the same nanoparticle composition can cause vastly different 

biodistribution profiles after injection.17 In healthy kidneys, nanoparticles with 

hydrodynamic diameters up to 7 nm are able to pass through the glomerular membrane 

barriers and are cleared via renal excretion.18,19 The vast majority of studies indicate that 

both rigid metal20 or flexible polymer21 nanoparticles in this size range are cleared by the 

kidney (Fig. 2).22,23 In diseased states, the breakdown of the glomerular endothelial cell 
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lining and podocyte architecture can lead to the passage of much larger substances, leading 

to proteinuria.15

Deviations to this general size trend, however, have been reported. Choi et al. utilized Au-

PEG nanoparticles with varying core sizes between 5 and 98 nm and a polyethylene glycol 

(PEG) “brush border” with the molecular weight between 5000 and 20 000 g mol−1 to 

investigate the size dependence of nanoparticles on kidney accumulation.24 Optimal 

targeting to the mesangium, or a thin membrane of cells that supports glomerular capillaries, 

of healthy BALB/c mice kidneys was seen for nanoparticles approximately 75 nm in 

diameter. Particle accumulation inside renal corpuscles revealed a strong function of size: 

particles on the order of 10 nm are suggested to enter the mesangium only briefly, where 

they are not retained due to an absence of phagocytosis. Particles larger than 75 nm are too 

large to pass through the glomerular endothelium pores. Interestingly, accumulation in 

peritubular capillaries did not seem to correlate with size, demonstrating distinct uptake 

characteristics in different portions of the nephron. Williams et al. constructed “mesoscale” 

nanoparticles, approximately 400 nm in diameter, which accumulated seven times more 

efficiently in the kidney compared to the heart, lung, spleen, and liver (Fig. 3).25 Poly(lactic-

co-glycolic acid) conjugated to polyethylene glycol (PLGA-PEG) nanoparticles were 

synthesized in several forms, including anionic (ζ-potential = −19.5 ± 0.6 mV), cationic (ζ-

potential = −19.5 ± 0.6 mV), and neutral (ζ-potential = 0.38 mV) forms. No significant 

difference was observed regarding organ distribution among all surface charge variations.26 

They were observed to localize in the basolateral region of proximal tubule epithelial cells 

under histological analysis. However, studies on the opposite end of the size spectrum, with 

ultrasmall nanoparticles <5.5 nm, indicate that charge is a primary determinant of kidney 

uptake or excretion. Negatively-charged quantum dots (QDs) (~3.7 nm) as a model system 

were used by Liang et al. and found to accumulate in mesangial cells, with little found in 

urine.27 In contrast, cationic QDs of a similar size (~5.67 nm) were found to be readily 

excreted into urine shortly after injection.

In addition, deviations from the general size trend can be achieved using glutathione, a 

naturally occurring tri-amino acid peptide present in both oxidized and reduced forms in 

human kidneys, when coated on copper nanoparticles of 2 nm average diameter. Yang et al. 
expected that dissociated components of this particle would be cleared by the kidney faster, 

as is the case with most nanoparticles that dissociate.28,29 However, these glutathione copper 

nanoparticles were found to clear faster compared to their dissociated components. This 

surprising result indicates that the surface modification can also dictate particle clearance. 

The authors discuss that the coated nanoparticles may have a lower affinity to serum protein 

adsorption compared to their fragments, allowing faster urinary system excretion.

Recently, the density of the nanoparticle has also been shown to affect biodistribution. By 

again utilizing glutathione as a coating for gold or silver core nanoparticles of varying 

densities, Tang et al. found that the renal clearance efficiency exponentially increased with a 

decrease in particle density two hours post-injection.30 This behavior likely originates from 

the density-dependent margination effect in blood circulation, where higher density 

nanoparticles circulate more slowly, thus leading to slower renal clearance.
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2. Peptide ligands

The active targeting of nanoparticles typically involves ligands bound to the surface which 

enables a higher degree of specificity compared to untargeted particles of the same physical 

characteristics such as size and charge.31 Peptide ligands take advantage of highly specific 

interactions between the ligand and the target site to promote accumulation of nanoparticles. 

Peptides are naturally degradable, easily synthesized, and custom tunable with a variety of 

linker chemistries. By employing targeting peptides to nanoparticles, drugs have the 

potential to reduce side effects and toxicity associated with current therapies for kidney 

disease, and can generate a higher intrarenal drug concentration compared to that of free 

drug.32 Notably, many potential candidates for kidney targeting peptides from phage display 

technologies have been identified,33 but relatively few nanoparticle studies for targeted drug 

delivery applications have been attempted in recent years. We present potential peptides, 

organized by cell target, that have shown renal specificity and can be used as active targeting 

ligands for nanomedicine. Compiled in Table 1 is a summary of these targeting peptides.

2.1. Podocytes

Podocytes surround the capillaries and mesangium, and possess unique foot-like structures 

which aid in selectively filtering blood components. Many common genetic diseases affect 

podocytes such as the Alport syndrome, membranous nephropathy, and segmental 

glomerular sclerosis. Secondary conditions such as hypertension and diabetic neuropathy 

can also cause podocyte dysfunction which results in kidney disease.34 Pollinger et al. 
developed cyclo(RGDfC)-modified quantum dots (Qdots), which are rod-shaped constructs 

with a length of 10 nm to 15 nm and a width of 5 nm.35 Cyclo (RGDfC) was hypothesized 

to demonstrate ligand-specific binding for the αvβ3 integrin expressed on podocytes. This 

particular integrin is discussed to play a role in kidney viral infection, making it a candidate 

for facilitating cellular uptake.36 Highly specific, cell and receptor binding was observed in 

an ex vivo study of primary podocytes. Confocal microscopy showed cellular Qdot uptake 

into vesicle-like structures within glomerular podocytes. The receptor mediated nature of 

nanoparticles binding to podocytes was further confirmed with a competition assay using 

free peptides.

2.2. Glomerular endothelial cell barrier and basement membrane

The glomerular endothelial cells are adjacent to the glomerular capillaries, and form 60–80 

nm intercellular pores, integral to the function of filtration.8 Impairment of this endothelial 

surface layer leads to albuminuria and glomerulosclerosis.37 The glomerular endothelial 

cells and podocytes secrete a layer of extracellular matrix which forms the glomerular 

basement membrane, composed of collagen IV, laminin, and proteoglycans.38 Recently, 

Jung et al. took a different approach to traditional phage display studies by performing 

several machine learning models to rapidly predict the tissue-specific targeting capabilities 

of peptides based on sequence information.39 Several machine learning algorithms utilized 

training data gathered from previous phage display studies.33 Possible peptide sequences 

were given a prediction score for different organ affinities. Two sequences showed 

significantly higher prediction scores for the kidney: PKNGSDP and DSHKDLK. The 
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authors conclude that PKNGSDP and DSHKDLK can recognize the glomerular endothelial 

markers of the kidney based on predictions of their model.

To enhance the tissue-specific interactions of targeting peptides, Suzuki et al. linked the 

carbohydrate-modified Arg-vaso-pressin (AVP) peptide, or CYFQNCPRG, to a variety of 

sugars via an octamethylene spacer group.40 They proposed that the carbohydrate-modified 

peptides would act as the targeting moiety while the sugar would act as a ligand to deliver 

drugs by attaching to sugar recognition molecules previously investigated.41 To determine 

the kidney targeting capabilities of carbohydrate-modified AVP, Suzuki et al. injected 

radiolabeled carbohydrate-modified AVP, as well as unmodified AVP as control, into 

Sprague-Dawley ex vivo. They found that unmodified AVP distributed in the medulla, which 

contain the majority of nephron structures. Glycosylated (Glc-O-C8-AVP) and manno-

sylated (Man-O-C8-AVP) forms distributed mainly in the cortex, which contains support 

blood vessels and portions of the proximal convoluted tubule. Suzuki et al. found that 

clearance of Glc-O-C8-AVP (1.7 mL min−1 g−1) was 13 times greater than glomerular 

filtration clearance (0.13 mL min−1 g−1). The authors note that there are two main routes of 

renal uptake, which include circulating blood through the basolateral membrane, and from 

the luminal side after glomerular filtration. They reason that since clearance via the 

circulating blood cannot be greater than the rate of glomerular filtration, the results indicate 

that the renal uptake of Glc-O-C8-AVP takes place from blood via the basolateral 

membrane.

Historically, to determine organ-selective targeting peptides, namely to the kidney and brain, 

Pasqualini et al. utilized phage display to find that the peptide sequence CLPVASC 

demonstrated about seven-fold greater preferential binding to the kidney relative to other 

organs.33 A closer examination via immunohistochemistry revealed that CLPVASC was 

found in both the glomeruli and between tubules of the kidney.

2.3. Tubular cells

Tubular epithelial cells in the proximal tubule gather the urine to the collecting ducts, and 

exchange substances throughout the length of the tubule. This epithelium is highly 

susceptible to injury, and will be an important cellular target for therapies intended to treat 

proinflammatory and fibrogenic tubular injury.42 Bidwell et al. modified the sequence 

suggested by Pasqualini et al., CLPVASC, with an elastin-like polypeptide (ELP), to 

specifically target the tubule.43 The authors discuss that fusing small-molecules and peptide 

therapeutics to relatively large, nonimmunogenic protein-based carrier ELPs can increase 

their stability for enhanced renal accumulation. This modified ELP peptide was 

hypothesized to behave like an extended rod-like protein, suggesting that it is filtered by the 

glomerulus and reaches the tubules by protein re-uptake. One mechanism suggested to 

underlie this phenomenon is the hydrostatic forces orienting these rod-like structures 

perpendicularly to the basement membrane, enabling the insertion of their <10 nm axis 

through the membrane.8 The kidney-selective biopolymer demonstrated significantly higher 

renal accumulation (over 15-fold higher than in other organs), and a five-fold increase in 

plasma half-life over untargeted ELPs upon administration in rats. Fluorescence slide 

scanning of the rat kidney sections showed that the CLPVASC-ELP primarily localized in 
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the renal cortex. To show that the effects of CLPVASC-ELP are not species-specific, 

Bidwell et al. also injected the biopolymer in swine and found localization in the tubule 

cells, vascular endothelial, and smooth muscle cells. The authors suggest that the free 

COOH-terminal thiol group on CLPVASC-ELP will allow thiolated drugs or other small-

molecule drugs with thiol cleavable linkers to be attached for kidney-specific delivery.43

A study by Geng et al. showed that the targeting peptide identified by phage display, G3-

C12 (ANTPCG-PYTHDCPVKR) was able to accumulate in the kidneys via renal proximal 

tubule cell reabsorption only three minutes post-injection (Fig. 4A and B).32 A small 

molecule drug model captopril (CAP), which acts to reduce glomerular hypertension and 

renal injury, was coupled to the targeting peptide with a disulfide bond. The bond was 

demonstrated to be cleavable in the kidney, releasing free CAP into the renal proximal 

tubule cells. CAP release from the carrier–drug conjugate was caused by the abundance of 

reduced glutathione in the kidney, which cleaved the disulfide bond and allowed CAP to be 

separated from G3-C12 at the proximal tubule cells. Following this process, the G3-C12 

peptides were filtered by the glomerulus and reabsorbed by the proximal tubule cells; they 

were then transferred to the lysosomal compartment to be metabolized. The fact that the 

carrier itself was internalized by the tubule cells is important, as it generated a higher drug 

concentration in the kidney compared to other parts of the body such as the liver, lung, heart, 

and spleen. Geng et al. explain that G3-C12 was likely taken up by the renal proximal tubule 

cells via endocytosis because three out of its 16 total amino acids are positively charged. 

This allows the peptide to interact with and be reabsorbed by megalin, a negatively charged 

receptor highly expressed in the renal proximal tubules.

Odermatt et al. were the first to report a new method for screening phage-display libraries ex 
vivo on microdissected intact kidney tubules instead of plated cells.44 They found that the 

linear peptide ligand with the sequence ELRGDMAAL (or a similar sequence with the motif 

ELRGD(R/M)AX(W/L)) selectively binds to the basolateral cell surface of cortical 

collecting ducts (CCD) compared to other parts of the kidney such as the proximal 

convoluted tubules (PCT). Peptide sequences containing this consensus motif exhibited a 16-

fold higher binding to CCD compared with PCT in rats, and a 39-fold higher binding 

compared with the control phage. Using this same method, Odermatt et al. found that phages 

with the consensus motif K(X3)TNHP bound preferentially to PCT. Peptide sequences with 

this motif showed a 2-fold higher binding to PCT compared to CCD, and a 10-fold higher 

binding compared with the control phage. Through screening phage display libraries ex vivo 
on microdissected renal tubular segments, Audigé et al. identified two distinct motifs, 

GV(K/R) GX3(T/S) (GV-phage) and RDXR (RD-phage), that bind specifically to receptors 

expressed at the basolateral membrane of PCT.45 Specifically, the peptide sequences of the 

GV-phages are GVKGVQGTL, HGVRGNLIS, and GVRGQLATP and the sequences of the 

RD-phages are GMRDHRMTI, ETMQRDVRA, YRDFRDIWA, SLRDRGFT, 

HLNMWRDGG, and GGAIKDTQN. The GV-phage or RD-phage exhibited 15-fold and 13-

fold higher binding to PCT compared to the control phage, respectively.

Kim et al. coupled the kidney targeting peptide, LTCQVGRVH, identified by phage display, 

to a biodegradable poly(ester amine) (PEA) via an amide bond between the amine group of 

PEA and the carboxyl group of the peptide.46 PEA is a gene carrier with a high transfection 
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efficiency. The PEA developed in this study was based on glycerol dimethacrylate (GDM) 

and low molecular weight polyethylenimine (LMW PEI), which is a non-viral vector system 

with high transfection efficiency but also high toxicity. PEA based on GDM and LMW PEI 

was developed to create a carrier with reduced cytotoxicity while maintaining high 

transfection efficiency. The kidney targeting and gene delivery potential of LTCQVGRVH-

PEA was evaluated both in vitro using the 293T cell line and in vivo with Sprague-Dawley 

rats with induced unilateral ureteral obstruction (UUO) kidney fibrosis models. Results from 

both types of studies indicate that the peptide-conjugated PEA achieved low cytotoxicity, as 

well as high transfection efficiency and high specificity delivering the hepatocyte growth 

factor (HGF) gene which is involved in promoting tubular repair and to inhibit tissue 

fibrosis.47 More specifically, Kim et al. showed that rats treated with peptide-conjugated 

PEA delivering HGF had recovered renal function and reduced collagen.46

Building on previous work regarding lysine interactions with receptors on the apical side of 

proximal renal tubule cells,48 Wischnjow et al. developed the peptide sequence 

(KKEEE)3K.49 They showed that the targeting peptide had high renal specificity and 

accumulation in proximal tubule cells, making it an ideal kidney-specific carrier for drug 

delivery and the treatment of kidney diseases (Fig. 5). Immunohistochemistry showed that 

(KKEEE)3K specifically accumulated in the renal cortex. Like the G3-C12 peptide, 

(KKEEE)3K was absorbed via megalin-mediated endocytosis as demonstrated by the lack of 

(KKEEE)3K accumulation in mice with megalin-deficient kidneys. The peptide remained 

stable in serum after 24 hours with no signs of degradation. In addition to having exceptional 

kidney accumulation and stability, (KKEEE)3K demonstrated renal clearance within a few 

hours to prevent toxicity due to long kidney retention.

3. Antibody ligands

Antibodies are typically 200–300 nm in size proteins and are part of the adaptive immune 

system. Much like peptide-conjugated nanoparticles, antibody-conjugated nanoparticles can 

generate a product that delivers potent therapeutic or imaging agents that are highly specific 

to a certain tissue or antigen.31,50 We present antibody–nanoparticle systems that show renal 

accumulation for distinct cell types (Table 2).

3.1. Glomerular endothelial cells and basement membrane

An antibody-conjugated nanoparticle strategy was used by Hultman to target the rat major 

histocompatibility class II (RT1 anti-MHC II).51 MHC II is a transmembrane 

macromolecular marker found typically on antigen-presenting cells, and is constitutively 

expressed in the healthy medulla of the human kidney, specifically in the renal peritubular 

and glomerular capillaries, with minimal expression in the renal cortex. Superparamagnetic 

iron oxide nanoparticles (SPIO) were coated with a phospholipid monolayer of PEG methyl 

ether (mPEG), to reduce the nonspecific binding of proteins in vivo. These nanoparticles 

were conjugated to RT1 anti-MHCII antibodies via a maleimide linkage, and antibody-

conjugated nanoparticles showed an elimination half-life in the kidney of 255 minutes, 

compared to the 45 minutes of the unconjugated nanoparticles as well as nanoparticles 

conjugated to nonspecific antibodies. This large increase in the plasma half-life indicates 
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that the particle is interacting in a target-selective fashion with MHC II, as suggested by the 

observed trend of receptor and plasma protein binding being directly proportional to the 

plasma half-life.52 This may provide a quantifiable vehicle for the kidney delivery of 

imaging agents or preventative therapeutics associated with MHC II-related disorders.

Serkova et al. utilized coated iron oxide nanoparticles, with a mean diameter of 9.7 nm, to 

target a membrane protein expressed in the inflamed kidney disease state.53 Complement 

receptor type 2 (CR2) is a transmembrane protein that binds to the circulating complement 

protein C3 fragments, which increases in activity when inflammation is present in the 

kidneys. MRL/lpr mice were used in this study; they are a mouse model that spontaneously 

develops lupus-like renal disease characterized by glomerular immune complex deposition 

and complement fragment activation. Moreover, this model has demonstrated C3 deposition 

along the Bowman capsule and tubular basement membrane. SPIO nanoparticles were 

conjugated with anti-CR2 monoclonal antibodies (CR2-Fc) on the surface, verified with 

flow cytometry. Iron from the nanoparticle core was detectable via magnetic resonance 

imaging (MRI) 72 hours after injection in some glomeruli and tubules of MRL//lpr mice 

injected with the CR2-Fc iron oxide nanoparticles, while not seen in normal kidneys. This 

strategy can be used to noninvasively detect inflammation in the kidneys due to lupis 

nephritis, with wider applications to several types of autoimmune and inflammatory kidney 

diseases which show characteristic C3 deposition.54

Vascular cell adhesion molecule-1 (VCAM-1) is an important regulatory molecule for 

leukocyte adhesion to tissues and is upregulated in the kidney ischemia reperfusion injury. 

Studies in animal models indicate that such ischemia activates endo-thelial cells, which 

upregulates the expression of VCAM-1.55 The anti-VCAM 1 antibody conjugated to iron 

oxide microparticles 1 µm in diameter has been explored as a diagnostic tool for renal 

endothelial cell inflammation.56 Anti-VCAM-1-conjugated particles were found to bind to 

the endothelium rapidly, occurring within minutes, which has potential as a fast-acting 

delivery vehicle for therapeutic or imaging agents. MRI contrast utilizing the iron 

composition of the microparticles was observed within 30 minutes of injection into mice, 

and persisted for the entire 90-minute imaging session. Accumulation of microparticles was 

evident in the renal cortex and medulla, and did not show any signs of local infarction or 

hemorrhage, confirming the potential of anti-VCAM-1-conjugated iron oxide as a diagnostic 

tool for renal inflammation.

Asgeirsdottir et al. focused on another inflammatory marker exploited for kidney targeting 

properties.57,58 The site-selective delivery of E-selectin targeting liposomes (AbEsel) on the 

order of 114 nm was shown to deliver encapsulated dexa-methasone which reduces 

endothelial cell activation and counteracts glomerulonephritis progression. In an induced 

accelerated glomerulonephritis (GN) model generated from C57bl/6 mice, liposomes 

reduced glomerular proinflammatory gene expression but did not affect blood glucose levels, 

which is typically elevated to severe levels upon administration of free dexamethasone, 

demonstrating a classic benefit of nanoparticle drug delivery. Dexa-AbEsel liposomes 

reduced renal injury as shown by a reduction of blood urea nitrogen levels, decreased 

glomerular crescent formation, and down-regulation of disease-associated genes in C57bl/6 

mice. Immunohistochemistry confirmed that uptake corresponded to the glomerular surface.
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Liposomes were formulated and conjugated with an anti-α8 integrin antibody by Scindia et 
al., which allows for specific accumulation and targeting to mesangial cells.59 α8 integrin, 

which belongs to the family of membrane proteins which allow for cell adhesion, was 

confirmed by the authors to be expressed in both normal and GN glomerular mesangial cells 

in mice via immunofluorescence. α8 integrin is not present on human kidney endothelial 

cells, but was confirmed in this study to be characteristic of mesangial cells.60 

Immunoliposomes modified with the anti-α8 integrin antibody were found to be 

approximately 100 nm in diameter and entered the mesangial space from the circulation 

through the 130–170 nm endothelial fenestrations and are ultimately taken up by mesangial 

cells. It was suggested that the slit pores of 30–70 nm between podocyte foot processes 

prevented rapid excretion of the liposomes into the urinary space. A similar study was 

performed with immunoliposomes containing mycophenolate mofetil (MMF), which 

showed targeting to the Thy1.1 antigen in rat mesangial cells expressing GN.61 An 

established model of Thy-1 nephritis was used in which a single intravenous injection of an 

anti-Thy-1 antiserum is known to induce lysis of mesangial cells.62 Proteinuria and 

creatinine levels were successfully prevented to reach pathological levels in treated nephritic 

Wistar rats, while healthy control rats were not affected by treatment. Therapies which 

involve only mesangial cells can benefit from a targeted approach which spares endothelial 

cells from off-target drug interaction.

3.2. Tubular cells

Shirai et al. investigated silica nanoparticles (SiNPs) conjugated to anti-CD11b antibodies in 

a UUO mouse model characterized by inflammation in tubular cells, as well as interstitial 

inflammation and fibrosis.63,64 Renal inflammation imaging was successfully achieved by 

the intravenous injection of SiNP with fluorescent-labeled anti-CD11b. After antibodies 

were immobilized on the SiNP surface such that specificity to the Fc region was preserved, 

nanoparticles were found to have a high affinity for macrophages at the site of renal damage. 

Significantly higher affinity was observed for the orientation specific antibody SiNP 

compared with the antibody immobilized in a random orientation, or free antibody, 

indicating the importance of antibody orientation with respect to the particle for targeting.

Liposomes with antibodies against human renal cancer markers have also been 

investigated.65 Dal K29, a murine IgGl monoclonal antibody against human renal cell 

carcinoma, was conjugated to unilamellar liposomes on the order of 600 to 800 nm in 

diameter to deliver methotrexate, a common chemotherapy and immunosuppressant. In vitro 
studies took place on the Caki-1 cell line, which is a human clear cell renal cell carcinoma 

that expresses characteristic features of the proximal tubule epithelium. Endocytosis of Dal 

K29-linked liposomes was observed, with some antibody-conjugated lipo-somes found in 

clathrin coated pits.66 The liposome constructs were endocytosed more effectively and 

provided more potent inhibition of cancer cell growth compared to equimolar amounts of 

free methotrexate, as wells as liposomes conjugated to nonspecific antibodies. This study 

demonstrates that nanoparticle conjugation with a targeting ligand has the potential to 

increase specificity as well as potency compared to systemic free drug administration.
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In a mouse model of rhabdomyolysis-induced AKI, which releases myoglobin into the 

bloodstream to cause kidney damage, Rubio-Navarro et al. incorporated the antibody 

targeting the injury marker CD163, which is associated with apoptosis of proximal tubule 

cells.67 Renal dysfunction was induced in mice through glycerol administration, which 

increased CD163 expression. Rhabdomyolysis-induced kidney injury in humans was also 

found to have enhanced CD163 expression compared to healthy tissues. Gold-coated iron 

oxide particles on the order of 6 nm were conjugated to anti-CD163 IgG antibodies, and 

electron microscopy confirmed the presence of these nanoparticles within interstitial 

macrophages in the kidney tubules in vivo.68 Such molecular specificity to disease cell and 

tissue types can lead to early detection, along with more efficient therapeutic delivery.

4. Conclusion

A variety of targeting peptides and antibodies have been utilized with nanoparticles to target 

the kidney and kidney cells, including the glomerular mesangial cells, glomerular 

endothelial cells, and tubule cells. This strategy can give researchers a wide selection of 

potential targets when developing diagnostic or therapeutic strategies to renal diseases that 

affect particular kidney cell types. Targeting nanoparticles may offer a more predictable 

trend in particle behavior compared to nanoparticles with a specific size, charge, and other 

physiochemical properties. A case by case evaluation of each nanoparticle system is needed, 

as a combination of different physiochemical factors may cause deviation from the size and 

charge trends in kidney uptake. While many studies presented herein only investigate the 

targeting properties of the nanoparticle system in a diseased or healthy kidney model, 

simultaneous comparison in both states is needed to elucidate the specific cellular 

differences that are interacting with nanoparticles. Nonetheless, nanoparticle systems with 

the targeting ligands show great promise for the treatment of kidney disease in a clinical 

setting and can be an effective strategy in future studies.
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Fig. 1. 
Structure and cellular makeup of the nephron. Adapted and reprinted from ref. 8 with 

permission from Nature Publishing Group.
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Fig. 2. 
Typical size relation to the distribution of nanoparticle accumulation in the lungs, liver, 

spleen, and kidneys. Adapted and reprinted from ref. 23 with permission from Nature 

Publishing Group.

Wang et al. Page 15

Biomater Sci. Author manuscript; available in PMC 2017 July 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
In vivo biodistribution of mesoscale nanoparticles, approximately 400 nm in diameter, 

showing heightened accumulation in the kidneys compared to other organs. (A) Dorsal 

image of mice treated with PBS, 50 mg kg−1 anionic-MNP (A-MNP), 50 mg kg−1 cationic-

MNP (C-MNP), and an equal molar weight of free dye. (B) Ex vivo organ fluorescence from 

mice injected with MNPs, dye, or PBS (mean ± SD). Adapted and reprinted from ref. 25 

with permission from Nature American Chemical Society.
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Fig. 4. 
(A) Geng et al. successfully developed the peptide–drug conjugate G3-C12 for the kidney-

targeted delivery of CAP. The disulfide bond serves as a covalent linker that can be cleaved 

by the reduced gluta-thione in the kidney, releasing free CAP. (B) The structure of G3-C12-

CAP, which contains a GSG spacer (to allow for conformational freedom and low steric 

hindrance), a N-succinimidyl 3-(2-pyridyldithio)propionate (SPDP) cross-linker, and CAP. 

Adapted and reprinted from ref. 32 with permission from Nature American Chemical 

Society.
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Fig. 5. 
Organ distribution study of labeled (KKEEE)3K in mice at 1 hour post-injection. (A) γ-

Scintigraphy of (KKEEE)3K time-course. Adapted and reprinted from ref. 49 with 

permission from Nature American Chemical Society.
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Table 1

Kidney targeting peptide sequences

Target cell Peptide sequence Ref.

Podocytes Cyclo(RGDfC) 35

Glomerular endothelium/basement membrane PKNGSDP, DSHKDLK 39

CYFQNCPRG 30 and 41

CLPVASC 33

Tubule cells MCLPVASCGGPGVG (VPGxG)160VPGWPGSGGC 43

ANTPCG-PYTHDCPVKR 32

ELRGD(R/M)AX(W/L) 44

GVKGVQGTL, HGVRGNLIS, and GVRGQLATP 45

LTCQVGRVH 46

(KKEEE)3K 49
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Table 2

Kidney targeting antibodies

Target cell type Antibody Ref.

Glomerular endothelium/basement membrane Anti-MHC II 51

Anti-CR2-Fc 53

Anti-VCAM 1 56

Anti-E-selectin 57 and 58

Anti-α8 integrin 59 and 60

Tubule cells Anti-CD11b 63 and 64

Dal K29 65 and 66

Anti-CD163 67 and 68
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