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Abstract

:

Chronic kidney disease (CKD) is a dilapidating problem that causes great global burden since the current therapeutic options are mostly ineffective. Early diagnosis and efficient treatment are essential to prevent the progression of CKD. Nanoparticles as technological drivers of innovation have emerged in biomedical studies for different theranostic applications. Several nanoparticles have been developed, which can be labeled with targeting moieties for both drug delivery and/or imaging systems and are investigated to detect different pathological conditions. The focus of this review is to demonstrate the current research and clinical applications for nanoparticles in the diagnosis of CKD and other renal diseases that will probably result in CKD.
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1. Introduction


A general classification of kidney diseases could be its division into acute kidney injury (AKI) and chronic kidney diseases (CKD). AKI usually occurs when the serum creatinine level exceeds 0.3 mg/dL within 48 h or the urine volume is below 0.5 mL/k/h for 6 h, or serum creatinine surges up to more than 1.5 times baseline. Urinary obstruction, hypovolemia, and drug overdose are considered the main causes of AKI. The persistent abnormality (more than 3 months) in the structure and function of the kidney is defined as CKD and is commonly connected with primary glomerular diseases, diabetes, and hypertension. There are different definitions, causes, and therapeutical strategies. The global prevalence of CKD is more than 10%, mostly affecting the elderly [1]. Several adverse outcomes and clinical complications as well as individual and social-economic burdens affect CKD patients [2]. Therefore, the prevention and early diagnosis of CKD is an emerging public health issue. Whether the renal disease is localized within the glomeruli, tubules, vessels, interstitium, and/or cysts, the pathological classification of the disease must be determined. In a few groups of CKD patients, a renal biopsy might be required [3]. CKD is tightly connected with the elevated risk of vascular and early cardiovascular-related death. The current guideline categorizes CKD into five stages according to the glomerular filtration rate (GFR) level. However, the conventional techniques of GFR measuring are time-consuming, inconvenient, and might be inaccurate. Although radiolabeled approaches can result in accurate GFR evaluation, they are less practical [4]. Stage 1 CKD is considered as renal damage, but the GFR is normal (90) or increased. A mild plunge in GFR (60–89) is observed at stage 2. The GFR at stages 3 and 4 drops to 30–59 and 15–29, respectively. Finally, in stage 5, renal failure occurs and the GFR is below 15. All GFRs are demonstrated in mL/min/1.73 m2 [4].



A calculation of the estimated GFR (eGFR) from serum creatinine according to a formula in relation to the characteristics of the patients has become an available and facilitated method of monitoring kidney damage. The Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation now represents the finest way to precisely estimate GFR [4,5].



Nanoparticles (NPs) are valuable matrix structures that can encapsulate proteins, drugs, imaging agents, and/or their combinations in a single nano-sized construction [6,7,8]. Nanotechnology is a rapidly progressing field with wide applications [9,10]. Several medical applications have benefited from using NPs to deliver theranostic agents. In particular, NPs can overcome the physical and biological limitations of conventional therapies and thus provide new opportunities against the stability and solubility problems of many compounds. Rapid progress in nanotechnology through the development of several nanomaterials as diagnostic or therapeutic agents holds promise in treating several diseases [11,12]. Sophisticated targeting tactics and multifunctionality are considered as unique properties of nanomedicine products. Nanoparticles as drug/gene delivery vehicles and contrast agents in imaging have been extensively used [13]. In this context, a wide range of organic, inorganic, polymeric, lipid, and glycan compounds have been successfully applied [14]. A broad body of evidence supports the capability of NPs in the diagnosis and treatment of CKD [15]. NPs have been applied in the measurement of renal morphology and function and targeted delivery of different therapeutics. However, few studies have been conducted on using NPs in CKD [16].



Novel techniques have been developed to generate electrostatic charges and thus turn NPs into hydrophobic structures, increasing sight-specific delivery. Additionally, different ligands can be conjugated to the surface of NPs to increase targeted therapy; this is seen in antibodies and peptides to reach specific cell receptors. The current mini-review highlights the effect of produced NPs in the detection of CKD.




2. Application of NPs in the Diagnosis of CKD


An early prediction of the onset and progression of renal disease is crucial. In this context, specific biomarkers have been considered as valuable tools for diagnosis. Successful diagnosis could be followed by an effective therapeutical intervention to prevent CKD and diminish other possible complications such as hypertension, infection, anemia, and heart failure. The application of the conventional diagnostic technique is currently hindered by several limitations such as inconvenience and lack of sensitivity. Thus, NPs might be crucial in the early detection of CKD since they can provide high sensitivity. Table 1 represents the characteristic features and targets of different NPs used so far in CKD treatment.



The breath assessment of volatile organic compounds has been previously used to detect CKD [16]. Carbon-nanotube-based sensors and breath sample analysis have been utilized as non-invasive tools in diagnosing end-stage renal disease (ESRD) in vivo [17]. Accordingly, gold NP-based sensors have been used to detect CKD in breath samples. This sensor can accurately distinguish between the exhaled breath of CKD patients and healthy individuals. Moreover, the sensor has shown a capability to diagnose early and late-stage CKD [18].



Magnetically assisted hemodialysis (MAHD) has been posed as an effective approach in ESRD management. In this context, biocompatible ferromagnetic NPs bind to targeted binding substances such as proteins, antibodies, and immunoglobulins with a high affinity for toxins in serum. The iron constituents of NPs can be magnetically manipulated and then target different body tissues. In this system, before the hemodialysis NP infusion is performed, a sufficient time for binding the toxic substance to NP is allowed. In vitro studies have shown the adsorbance and clearance of homocysteine [19]. Moreover, a single circulation of MAHD leaves only an immeasurably small magnetic signal, which is equivalent to 8 circulations of hemodialysis.



2.1. Detection of Kidney Injury Biomarkers


A dipstick contains a thin plastic stick and chemical-based strips, which can detect the abnormalities in urine. The presence or increased levels of distinct substances in urine result in changes of the stick color [27]. The incidence and progression of CKD are related to the increment of albuminuria as an important risk factor [28,29]. Only a concentration over 30 mg/dL of urinary albumin be detected via routine urinalysis dipstick. Specific dipsticks or specific antibody techniques are required to detect microalbuminuria [30]. Nonetheless, these strategies are inconvenient and insensitive. Surface-enhanced Raman scattering (SERS) with silver/copper/gold NP surfaces has been applied in this context by employing laser energy [31]. Easy sample processing steps, high sensitivity, rapid analysis, and the availability of portables apparatus are the advantages of the SERS method [32]. The application of silver NPs has significantly increased the Raman signal [31]. It has been reported that the SERS spectroscopy method reveals a strong connection between the reference and predicted albumin concentration, proposing that this technique is appropriate for the determination of absolute albuminuria. SERS as a sensitive tool has been able to detect extremely low levels (3 μg/mL) of albumin [33]. Currently, the available commercial devices have provided point-of-care monitoring of microalbuminuria [32]. A recent investigation developed a disposable electrochemical immunosensors for a point-of-care detection of microalbuminuria in which gold NPs were used on the electrodes via dielectrophoresis. This sensor contained a polystyrene NP core with HAS antibodies that were covalently conjugated to silver nanoshells. The developed nanosensor exhibited high conductivity, biocompatibility, and sensitivity which can be used in the early detection and monitoring of CKD in point-of-care settings [34] (Figure 1).



Serum and urine creatinine are considered important biomarkers of CKD [35]. Peptides are among the suitable detectors of creatinine due to their simple synthesis and modification properties and low molecular weight [36,37]. Phage display technology has been utilized to fabricate peptides that have a specific affinity to creatinine [38]. In this approach, gold NPs, due to their distance-dependent optical features, have been used in combination with peptide probes to detect creatinine. The synergistic effect between these NPs and peptides has shown high selectivity and specificity for detecting creatinine in human urine [39].



Other promising biomarkers such as N-acetyl-β-d-glucosaminidase (NAG), kidney injury molecule-1 (KIM-1), and cystatin C (CysC) have been introduced as efficient tools for CKD prediction [40]. Mounting evidence demonstrated that NPs could significantly enhance the response of immunosensors in recognition of these biomarkers [41,42]. Serum CysC was detected by a disposable amperometric immunosensor through a sandwich-type assay in which gold NPs were used to generate the augmented response with high sensitivity [43]. In another study, a new “light-switch” molecule of the Ru (II) complex ([Ru(dcbpy)2dppz]2+-DPEA) with self-enhanced electrochemiluminescence (ECL) specifications was developed [42]. The combination of this ECL with DNA nanotechnology has been used as an effective signal amplifier in NAG detection high sensitivity excellent linear range (0.1 pg/mL to 1 ng/mL) [42]. In a similar report, KIM-1 was detected via an ECL biosensor in which Pt NPs were used to enhance the electron transfer efficiency [41]. Therefore, nanotechnological advances can pave the way to yield an effective and sensitive detection method for CKD, which in turn will facilitate earlier intervention. MicroRNAs (miRNAs) as short single-stranded RNAs, regulate the expression of genes that are paired with regions within the 3’-untranslated region of target mRNAs [44,45]. The current research highlights the role of small non-coding RNAs in the pathophysiology of renal diseases since the potential role of miRNAs as renal disease biomarkers are gaining increasing attention [46,47]. However, the standardization of measuring methods is required in order to validate the efficiency of these biomarkers. Moreover, selecting the appropriate tissue or biofluid is essential to achieve ideal results in clinical settings. The expression levels of miRNAs involved in kidney disease might represent novel treatment approaches [48].



The bioavailability and activity of insulin-like growth factor (IGF) are mediated by a number of superfamily members of homologous proteins referred to as insulin-like growth factor binding proteins (IGFBPs). Given the pivotal role of these proteins, IGFBP 7 has been reported as a possible independent biomarker of AKI with high specificity and sensitivity [49]. Similarly, IGFBP 2 has been connected with the kidney through the elevation of reactive oxygen species-related apoptosis in the renal tubular epithelium [50], hinting to the potential role of this molecule as a kidney damage biomarker [51,52]. Therefore, detecting IGFBPs with novel and rapid techniques might shed new light to the early treatment of renal diseases.



Arendowski and coworkers analyzed the blood serum of renal cell carcinoma (RCC) patients via laser desorption/ionization mass spectrometry on a gold nanoparticle-enhanced target (AuNPET) approach. This study led to the identification of potential biomarkers of RCC such as creatinine, dihydrouracil, melatonin, palmitoyl glucuronide, tyrosine, and glutamine. The applied nanotechnology-based MS detection method was successful in identifying the metabolic biomarkers of RCC [53].




2.2. Kidney Imaging Method Using Fluorescence Nanomaterials


GFR is a direct indicator of renal function. However, its detection is inconvenient and raises the risk of Iohexol (contrast agents) related-AKI. As mentioned, the CKD-EPI formula is used to calculate GFR. The absorption and secretion of creatinine by tubular cells, which in turn decrease the effectiveness of CKD detection, could be referred to as an important drawback. The application of different fluorescent NPs such as quantum dots, silica, and gold NP offer several advantages in comparison with the conventional method of FGR evaluation. They are entirely filtered by glomeruli, neither induce cytotoxicity nor interfere within body metabolism, are easy to produce, and are cost-effective [54]. Besides, their absorption and emission wavelengths are in the visible (and mainly in the near-infrared) range [55].



Semiconductor nanocrystals (quantum dots) are among the available commercial fluorescent nanomaterials with extensive applications in biology [56]. Moreover, near-infrared, sensitive, and inexpensive fluorescent imaging has widespread applications in detecting several disorders, including cancer [57]. However, the diagnosis of renal insufficiency and staging via noninvasive fluorescent methods are currently in the preclinical phases [57]. The kidney function has been determined by fluorescent imaging using renal-clearable near-infrared-emitting glutathione-coated gold NPs (GS-AuNPs) as a contrast agent. This method could effectively and noninvasively detect kidney dysfunction, disease stages, and show adaptive functioning in animals with unilateral obstructive nephropathy (UUO). The identification of disease stages was in correlation with the outputs of pathological examinations [58]. Traditional markers of kidney dysfunction (Blood urea nitrogen (BUN) and creatinine) are incapable of determining UUO renal dysfunction. GS-AuNPs induced no structural changes in normal mice kidneys and exhibited a very low concentration in the background tissues [59]. The emission wavelength was approximately 800 nm and thus was visible [60]. Additionally, GS-AuNPs have complete renal removal since their hydrodynamic diameter is lower than the renal filtration threshold [61]. Currently, different renal-clearable NPs such as gold, copper, silica, iron oxide NPs, palladium nanosheets, and quantum dots are available [62,63]. Shirai et al. used silica NPs with fluorescent anti-CD 11b to detect fibrosis and inflammation in a UUO model in vivo [64]. Imaging-guided photodynamic therapy (PDT) with renal clearable ultra-small size NPs has also been a focus of researchers. Siwawannapong et al. functionalized Pyropheophorbide-a (Pa), a deep red photosensitizer with polyethylene glycol (PEG), to yield Pa-PEG as ultra-small nanodots which exhibited red-shifted absorbance and efficient singlet oxygen formation upon light irradiation. These Pa-PEG nanodots revealed a significant PDT effect in vitro by attacking many cancer cells. Moreover, Pa-PEG nanodots were used in fluorescence and photoacoustic (PA) imaging methods to determine the optimal period for PDT therapy upon intravenous administration in vivo. An effective accumulation at the tumor site and obtaining the maximum concentration eight hours after injection were noted as the superiorities of this method. Furthermore, the high PA and fluorescent signal from the kidney tissues demonstrated their renal excretion [65] (Figure 2).




2.3. Magnetic Resonance Imaging (MRI) Coupled with Nanomaterials


A great percentage of old patients and patients undergoing angiography experience CKD [66]. The use of gadolinium-based or iodinated contrast agents can exacerbate the disease, or even be fatal [67]. Magnetic NP imaging is a safe strategy that applies superparamagnetic iron-oxide NPs, which are processed and preserved in the hepatic iron reserve of the body and do not influence the kidneys [68].



The gold standard technique for diagnosing and evaluating renal diseases is currently performed via biopsy since it can only show a connection between the diagnosis of kidney diseases and related pathological alterations. Nonetheless, an invasive method increases the risk of hematoma [69]. Moreover, mismatches between the samples and overall kidney tissue might occur [70]. Therefore, the application of nanotechnology in MRI might diminish the restrictions and be a good substitute for biopsy [71]. In this context, iron oxide NPs are considered as promising surrogates of gadolinium-based MRI contrast agents [72]. These NPs can be utilized not only to assess kidney functions but also to act as cellular imaging apparatuses [73]. The T2-weighted MRI signals have been decreased by using iron oxide particles since these particles can be absorbed by inflammatory cells [74]. The effects of iron oxide injection on the signal intensity of kidneys were assessed in different nephropathic models in rats. The signal intensity loss was observed in the overall components of kidneys in the obstructive nephropathy model nephrotoxic nephritis rate showed a decreased intensity in the cortical signal. This proposes the promising role of iron oxide NPs in detecting different types of renal lesions [75]. Human studies have also shown similar results [76]. Intravenous injection of iron oxide was used to identify and characterize macrophages in infiltrated normal native and transplanted kidneys. A significant signal decrease was shown in the cortical macrophage infiltration; however, patients with ischemic acute tubular necrosis declined the medulla [76]. Since the infiltration of macrophages is a substantial feature of inflammation, a fall in the signal can represent inflammation-related injury. Moreover, different nephropathies could be differentially diagnosed by assessing the intensity and the area of the MRI signal. Nonetheless, it remains to be clarified if the repeated use of iron oxide NPs induced cytotoxicity, although empirical pharmacokinetic studies and safety assessment have been satisfactory so far [77].



Hydrophilic MNO NPs with PEG (PEG-MNO NPs) through a polyol-like technique have been developed in a one-pot method. The produced NPs showed a low r2/r1 ratio and high relaxivity. In addition, an acidic environment, glutathione, or exposure to the stimulated body fluid increase the stability of these particles. It has been reported that an amino-modified AS1411 aptamer conjugation with PEG-MNO NPAs can visibly visualize renal carcinoma cells with MRI during in vitro studies which exhibit a more prolonged retention time in the tumor site in vivo in comparison with PEG-MNO NPs [78] (Figure 3).





3. Conclusions and Perspectives


Nanotechnology is a potential tool for the early detection and monitoring of CKD that can provide a prompt therapeutic strategy. Nanotechnology-assisted diagnosis approaches have successfully detected different CKD biomarkers such as CysC, NAG, and KIM-1. Moreover, NPs can enhance the potency of imaging techniques in assessing kidney dysfunction stages and the possible presence of fibrosis and inflammation. The optimization of different features of NPs such as size, shape, surface ligand, and charge can improve their application. Although the production of novel NPs is rapidly increasing in empirical studies, a gradual introduction into the clinic and market is being observed since the stability, renal targeting, cytotoxicity, and biodistribution of these materials must be strictly tested. However, advances in nanotechnology and its application in nephrology might bring great hope for the early treatment of renal diseases, particularly CKD.
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Figure 1. Schematic illustration of systematic protocol for immunosensor fabrication and operation. Screen-printed carbon electrode (SPCE) interdigitated on a flexible plastic substrate (a). SPCE have modified with gold nanoparticles (SPCE/Au NCs) (b). Polystyrene nanoparticle core with silver nanoshells (PS-Ag) covalently conjugated to Human Serum Albumin (HSA) antibodies and these nanoprobes are trapped on the electrode surface (PS/Ag/ab-HSA nanoprobes) (c). In order to perform immunosensing, HAS protein was dropped onto the sensing areas (d). PS-Ag nanoparticles improved surface areas and incresed the number of immobilized antibodies (e). Immunosensing results with normalized impedance response, good linearity and repeatability dependent on albumin concentration (f). (Reprinted with permission from Ref. [34] Copyright © 2018 Elsevier B.V.). 
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Figure 2. The fluorescence and photoacoustic imaging of Pa-PEG nanodots. (A) Fluorescence images. (B) Fluorescence signal examination of the tumor. (C) Ex vivo fluorescence images of main organs and tumors. (D) Photoacoustic images of tumor post injecting Pa-PEG nanodots (E) Photoacoustic intensities of localized Pa-PEG nanodots [65]. 
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Figure 3. AS1411-PEG-MnO nanoprobe and MR T1 images of animals with renal carcinoma tumors. (Reprinted with permission from Ref. [78]. Copyright © 2017 Elsevier B.V.). 
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Table 1. Features of NPs for CKD targeting.
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	Target Section
	Main Features
	Ref.





	Mesangium
	Gold NPs (80–100 nm)
	[20]



	Cortex, nephritis
	Iron oxide core NPs (4–6 nm)
	[21]



	Medulla
	MHC-II antibody
	[22]



	Unilateral obstruction
	Anti-CDIIb antibody
	[23]



	Tumor vasculature
	Integrin ανβ3
	[24]



	Vascular endothelium
	PLGA coated CoQ10
	[25]



	Medulla during ischemia
	Dendrimer
	[26]
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