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Abstract

:

Diabetic nephropathy (DN) refers to kidney damage caused by diabetes and is one of the major microvascular complications of diabetes. This disease has a certain degree of concealment in the early stage, with clinical symptoms appearing later and a higher mortality rate. Therefore, the detection of early biomarkers for DN is of great importance in reducing kidney function damage. The common biomarkers for DN mainly include glomerular and tubular lesion markers. At present, clinical diagnosis often uses a combination of multiple indicators and symptoms, and the development of a simple, efficient, and sensitive multi-marker detection platform is particularly important for the early diagnosis of DN. In recent years, with the vigorous development of various biomimetic molecular recognition technologies, biomimetic recognition biosensors (BRBS) have many advantages, such as easy preparation, low cost, high stability, and repeatability under harsh environmental conditions, and have great application potential in the analysis of DN biomarkers. This article reviews the research progress of molecularly imprinted polymers (MIPs) construction technology and aptamers assembly technology developed in the field of biomimetic sensor research in recent years, as well as the detection of DN biomarkers based on BRBS, and prospects for their development.
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1. Introduction


Diabetic nephropathy (DN) refers to kidney damage caused by diabetes, which is one of the main microvascular complications of diabetes. High blood sugar-induced kidney damage leads to a decrease in the glomerular filtration rate (GFR) and the appearance of symptoms such as proteinuria. The disease has a high mortality rate [1]. Currently, DN has seriously threatened human health and the development of socio-economic progress [2]. According to the classification of DN by Mogensen from Denmark, stage I–II lacks obvious clinical manifestations, stage III begins to show trace albuminuria and GFR may be normal, and it is not until stage IV that there is a persistent and progressively worsening amount of albuminuria accompanied by a decline in GFR, which is difficult to reverse, eventually leading to renal failure. Therefore, early DN is reversible, and if diagnosed and treated with early intervention, the development of nephropathy can be halted or reversed. Hence, early screening and diagnosis are particularly important for DN. The screening of DN mainly follows the standards of the American Diabetes Association (ADA), including albuminuria and GFR. However, a large number of clinical observations have found that 20–50% of chronic kidney disease patients have no albuminuria, and the number of such patients is on the rise [3]. This means that these DN patients without albuminuria will be missed, and will not receive timely diagnosis and treatment. Therefore, it is of great practical significance to find highly sensitive and specific early biomarkers for DN and establish accurate and convenient detection methods.



So far, several analytical methods have been developed for the detection of biomarkers (urinary albumin, creatinine, cystatin C, homocysteine, vascular endothelial growth factor, epidermal growth factor receptor, mRNA-21, ceruloplasmin, platelet-derived growth factor, etc.) for DN [4,5,6,7], including ultra-high performance liquid chromatography (UHPLC), capillary electrophoresis (CE), liquid chromatography-tandem mass spectrometry (LC-MS), radioimmunoassay (RIA), enzyme-linked immunosorbent assay (ELISA), immunoradiometry (IRMA), and electrochemiluminescent immunoassay (ECLI). Although the results of these methods are reliable and accurate, they have many disadvantages, such as large sample sizes, complex instruments, expensive antibodies, long incubation time, and complicated protocols. These limitations restrict their application in real-time detection [8,9]. Therefore, the introduction of rapid, universal, powerful, and high-throughput sensing technologies for early detection of DN has significant social value.



In recent years, researchers have developed a large number of novel biosensors with high specificity and sensitivity [10,11]. Traditional biosensor recognition elements mainly consist of biological molecules with molecular recognition capabilities, such as antibodies, enzymes, nucleic acids, cells, and semi-synthetic receptors based on them. However, they have inherent drawbacks, such as difficulty in preparation, high cost, and poor stability, which greatly limit their application in the analysis of diabetes kidney disease biomarkers. Compared with traditional biosensors, the biomimetic recognition elements of biomimetic recognition biosensors (BRBS), including MIPs and APT, can be synthesized through in vitro preparation methods. This not only effectively avoids the tedious work of bio-receptor preparation using experimental animals but also reduces the batch-to-batch variability of recognition elements, significantly lowering manufacturing costs. The application of BRBS in the electrochemical sensing field has greatly promoted the development of analytical chemistry and electroanalytical chemistry. Among them, molecularly imprinted electrochemical sensors (MIECS) combine the predetermined recognition and specificity of molecular imprinting technique (MIT) with the high sensitivity, easy operation, low cost, and miniaturization advantages of electrochemical technology [12].



MIT is inspired by the “antigen-antibody” theory and prepares MIPs targeted to specific molecules. Currently, most MIPs are made of vinyl organic compounds or acrylic acid as functional monomers, forming through free radical polymerization under the influence of crosslinking agents, initiators, light or heat, etc. MIPs can selectively recognize template molecules (TM) or their analogs mainly because, after removing the TM in the polymer, highly crosslinked polymers retain “empty holes” with multiple active sites that match the size and conformation of the TM. MIPs demonstrate excellent resistance to harsh environmental interference, but there is a possibility of template leakage when analyzing complex samples, especially for trace analysis, the leakage of residual templates directly affects the accuracy of the analysis results. Moreover, the preparation of MIPs becomes difficult due to the poor solubility of certain specific TM. Using a dummy template molecule that has a similar structure or the same functional groups as the template molecule solves this issue, as the 3D cavity structure and interaction sites left by the dummy molecularly imprinted polymer still have some compatibility with the template molecule. Thus, dummy molecular imprinting technology can solve the problems of template leakage, high costs, and difficulties in preparing MIPs due to the poor solubility of certain specific TM [13]. However, the binding sites, shape, and size of the cavities prepared by the dummy template may not completely match the target molecule, which may reduce sensitivity and detection limits. Therefore, the selection of appropriate functional monomers, crosslinking agents, solvents, polymerization conditions, washing conditions, and preparation methods is crucial for obtaining good specific molecular recognition capabilities during the preparation of molecular imprinting membranes. To achieve breakthrough progress in the field of MIT electrochemical sensing, it is necessary to design and develop better MIP preparation technology strategies.



Research shows that nucleic acid APT are single-stranded RNA or DNA molecules extracted from a library of oligonucleotide ligands through systematic evolution of ligands by exponential enrichment (SELEX) technology. They have advantages such as non-toxicity, ease of preparation, low cost, chemical stability, and high binding efficiency to target molecules [14]. Compared to antibodies, APTs have much lower molecular weight, can recognize subtle structural differences in biomarkers, and are easily dissociable [15]. Furthermore, the shape and length of APT can be controlled and flexibly modified, forming structures with specific physicochemical properties and functions. Research of multifarious adenine-mediated technology (MAMT) suggests that the adsorption capabilities of the four bases of nucleic acid APT to gold follow the order A > C ≥ G > T [16]. Among them, adenine has strong adsorption to gold, comparable to Au-S bonds, and Au can even denature the double strands of adenine and thymine. The strong adsorption of adenine to gold electrodes has promising applications in the design of thiol-free APT [17]. Adenine can be used as an anchoring group and density control group to regulate the conformation and grafting density of APT at the sensor interface, reducing the surface density of APT on the electrode with the increase of adenine length. Moreover, adenine preferentially binds to gold atoms, reducing the accessibility of other materials to gold, and significantly hindering the non-specific adsorption of other materials. These aptamer (APT) assembly techniques can be applied to the construction of biosensors.



In recent years, with the development of MIT and APT assembly technology, the application of bionic recognition biosensors in the field of DN biomarker analysis has been effectively expanded. With the discovery of new biomarkers for DN, the development of more efficient, stable, and cost-effective novel biomimetic sensing platforms has significant implications. Not only does it improve our understanding of the pathogenesis of DN and further promote early diagnosis in diabetic nephropathy patients, but it also optimizes the treatment of these patients. Therefore, this article reviews the research progress in the construction of MIPs, APT assembly technology, and the detection of biomarkers for DN based on BRBS in the field of biomimetic sensors in recent years, and forecasts their development.




2. Application of BRBS in the Detection of Diabetic Nephropathy Biomarkers


Early biomarkers of diabetic nephropathy can be divided into glomerular dysfunction markers and tubular dysfunction markers according to the site of lesions. So far, a series of biomarkers have been introduced into the diagnosis of diabetic nephropathy,



2.1. Urinary Albumin


Urinary albumin detection reflects abnormal protein leakage in the kidney and can understand early kidney disease and kidney injury. Pathological increases are seen in diabetic nephropathy, hypertension, and preeclampsia during pregnancy [18]. If the albumin in the urine is in the range of 30–200 mg/L, it belongs to microalbuminuria. Early diabetic nephropathy is a mild increase in urinary albumin excretion (microalbuminuria), which gradually progresses to massive albuminuria and eventually kidney failure, requiring dialysis or kidney transplantation. Up to now, microalbuminuria is still the best non-invasive biomarker for detecting diabetic nephropathy [19].



Zhang [20] successfully constructed a MIP-ECS based on a dual-signal strategy for human serum albumin (HSA) detection in urine (Figure 1). Firstly, the glassy carbon electrode (GE) substrate was modified with AuNPs and polythionine-methylene blue (PTH-MB) sequentially. Then, a dual-functional monomer molecularly imprinted polymer (MIP) was prepared by the electropolymerization method using human serum albumin (HAS) as the TM, HQ, and o-phenylenediamine o-PD as functional monomers. This biosensor showed a dual-signal oxidation of Fe(CN)64− and PTH-MB at 0.20 V and −0.22 V, respectively. When HSA was captured on MIP, the adsorbed HSA on the electrode surface would hinder electron transfer, reducing the total intensity of dual-signal currents with the increase of HSA concentration. The limit of detection (LOD) of this sensor can reach 3.0 × 10−11 g L−1. Moreover, the selected AuNPs and PTH-MB both have excellent electrocatalytic performance, in which the methylene blue (MB) in PTH-MB molecules acts as an electrocatalyst, which can enhance the electron transfer efficiency of electrochemical reactions on the electrode surface. Furthermore, the synergistic effect between AuNPs and PTH-MB effectively enhances the current signal, thus improving the sensitivity of the biosensor [21]. In practical detection, this biosensor has good selectivity and repeatability, achieving the detection of HSA in urine, and providing a potential universal platform for clinical protein detection.




2.2. Creatinine (Crn)


Crn is formed in everyday muscle wear and tear and is an important biomarker of renal qualitative and quantitative function. Crn levels play an important role in calculating muscle and renal function. The normal range of urinary Crn is about 282–2600 ppm. The normal range of serum Crn for women is 0.5–1.1 mg/dL (5–11 ppm) and for men is 0.6–1.2 mg/dL (6–12 ppm). Concentrations above 15 ppm require medical attention, and above 59 ppm indicate serious kidney damage [22]. The kidneys filter plasma through the processes of glomerular filtration and tubular excretion, thereby removing Crn to maintain homeostasis in the body. Crn content is helpful in quantifying the GFR, which is a very important indicator of kidney function and has been proven to be a potential biomarker for DN [23]. Clinically, early detection of renal impairment and the implementation of appropriate treatment measures can slow the progression of diabetic nephropathy by monitoring the levels of the albumin-to-Crn ratio [24].



Prabhu et al. [25] developed an instant medical (Point-of-Care, PoC) sensor device based on LoRaWAN (Long Range Wide Area Network, remote wide area network). In this strategy, Crn was used as the template, methacrylic acid (MAA) as the functional monomer, 2,2-azoisobutronitrile (AIBN) as the reaction initiator, and divinylbenzene (DVB) as the cross-linking agent. MIP prepared by standard chemical methods using precipitation polymerization effectively coated the sensor surface with MIP by acrylic resin, making the sensing interface highly functionalized. The constructed sensor has a high specificity for selective adsorption of Crn molecules, and the electrochemical impedance spectrum (EIS) can accurately detect different levels of Crn content. The detection limit is as low as 0.1 ppm (Table 1). This low-cost, portable device allows patients to self-test at home, and the results obtained from this system can help doctors take necessary measures, which is conducive to early detection and treatment of kidney injury to avoid further deterioration of diabetic nephropathy.



In recent years, the advantages of N-MIT compared with traditional MIP preparation methods have attracted widespread attention. Currently, the common technique for preparing N-MIPs is solid-phase synthesis. In traditional methods for preparing MIPs, the TM are dispersed in the liquid medium, while the solid-phase synthesis method anchors the TM on a specific solid support, and subsequently carries out affinity purification of N-MIPs [26]. Raquel et al. synthesized N-MIPs with advantages such as high affinity, high specificity, excellent stability, and immobilized templates by uniformly distributing imprint nanoparticles in a polyvinyl chloride membrane through precipitation polymerization [27]. In particular, N-MIPs have a large specific surface area, which can expose more binding sites for recognizing small molecules or large biological molecules such as proteins, promoting the development of the imprinting material towards broader application prospects. On the other hand, electrochemiluminescence (ECL) has unique characteristics that differ from other electrochemical methods, such as high signal-to-noise ratio, high sensitivity, wide linear range, high temporal and spatial resolution, and near-zero background light [28]. Developing new chemiluminescence systems is one of the important ways to expand the detection range of ECL [29,30]. Babamiri et al. [31] synthesized nickel nanoclusters (NiNCs) as a new luminescent body and constructed an MIECS basted on ECL for Crn detection. A molecularly imprinted polymer (MIP) @ GO-Fe3O4 film was constructed on the surface of an indium tin oxide (ITO) electrode using Crn as the template, tetraethyl orthosilicate (TEOS) as the cross-linking agent, and magnetic graphene oxide (GO-Fe3O4) as the modifier and embedded nickel nanoclusters (NiNCs). Due to the excellent conductivity of GO-Fe3O4, the MIECS retained the high specificity of the MIP @ GO-Fe3O4 template for Crn, while significantly improving its sensitivity. In addition, NiNCs have strong and stable ECL with co-reactant TPA, whereas Crn has a quenching effect on NiNCs’ ECL, causing the ECL signal intensity to decrease as Crn concentration increases. The detection limit for Crn in serum and urine samples is 0.5 nmol/L (Table 1).



Traditional imprinting methods prepare MIPs that embed most of the binding sites and nanoscale sensitizing materials, making it difficult for TM to wash off from the highly cross-linked heterogeneous rigid polymer structure, and at the same time, obstructing the electronic transport of nanoscale sensitizing materials, which leads to poor sensitivity of ECS. Qian et al. immobilized bovine serum albumin (BSA) templates on the surface of SiO2 nanoparticles and synthesized surface-modified MIPs [32]. The results showed that surface MIT can reduce the “embedding” phenomenon, and the MIPs prepared by controlling the template location on the material surface or near the surface have high specificity, high affinity, good reproducibility, as well as advantages such as high imprinting efficiency, high binding capacity, and fast speed, providing a good analytical and detection platform for the imprinting of large molecules such as proteins, cells, and viruses. Li et al. [33] reported a novel graphene nanoplatelet (GNP)/polydopamine (PDA)-MIP-biosensor for ultra-trace detection of Crn in a range of body fluids (Figure 2). Under the catalytic action of ammonium persulfate (AP), dopamine hydrochloride (DA) monomer was polymerized on the surface of GNP forming a thin PDA-MIP layer with high-density Crn recognition sites. This novel surface MIP technology avoids overly thick MIP layers, thereby allowing more TM to anchor on or near the polymer surface during the polymerization process. This ensures that the TM can be more thoroughly removed, leading to a broader detection range (Table 1).





 





Table 1. The developed BRBS for the detection of Crn.






Table 1. The developed BRBS for the detection of Crn.





	Category of Technology
	Functional Monomer
	Detection Limit
	Ref.





	Traditional-MIT
	methacrylic acid
	0.1 ppm
	[25]



	N-MIT
	nickel nanoclusters
	0.5 nmol/L
	[31]



	Surface MIT
	dopamine hydrochloride
	2 × 10−2 pg/mL
	[33]









2.3. Cystatin C (Cys-C)


Cys-C is a 13 kDa non-glycosylated polypeptide chain consisting of 120 amino acid residues. It is a small protein that can be freely filtered by the renal glomerulus. The average serum Cys-C level in patients with diabetic nephropathy (1.87 ± 0.51 mg/L) is higher than that in patients with non-diabetic nephropathy (1.025 ± 0.30 mg/L). In addition, serum Cys-C levels are higher in patients with elevated serum Crn levels, suggesting a correlation between Cys-C and Crn. Studies have shown that serum Cys-C detection can help to identify early renal impairment in diabetic patients, with better efficacy than serum Crn [34]. Another study showed that the average serum cystatin C value was 1.73 in type 2 diabetic patients with normal urinary albumin levels, while the average serum cystatin C value was 2.07 in type 2 diabetic patients with microalbuminuria. These results suggest that serum cystatin C, as a renal glomerular filtration biomarker, is an earlier indicator of diabetic nephropathy than urinary microalbumin and serum Crn [35].



Multifunctional monomer imprinting can enhance non-covalent binding between functional monomers and TM via multiple synergistic interaction sites [36]. This is particularly effective in improving the selectivity and adsorption of MIPs for large molecules. Therefore, it is an effective technique to use two or more functional monomers simultaneously, forming multiple complementary interaction sites with TM in different areas. However, the selection, combination, design, synthesis, and full utilization of their synergistic effect to prepare ideal MIPs still require continuous exploration. In addition, polypyrrole (PPy) is a conductive polymer that is well-known for its use in MIP materials [37]. Carbon nanotubes (CNTs) can improve electron transfer and surface area in electrochemical systems, thereby enhancing the electrical properties of electrochemical biosensors. Therefore, after adding CNTs to PPy, a 3D structure with increased electrical conductivity is formed due to the strong π-π bonding between the Ppy-conjugated structure and CNTs [38]. The PPy/CNT nanocomposite exhibits good charge transfer and energy/electron storage performance, making it suitable for supercapacitors [39]. Based on this strategy, Gomes [40] et al. first formed a mixed system of Cys-C, multi-walled carbon nanotubes (MWCNTs), pyrrole (Py), and carboxylated pyrrole (Py-COOH), and electrochemically polymerized it on the surface of a carbon fiber net screen-printed electrode (SPE) to form an MPPy nanocomposite. Subsequently, the Cys-C template was removed by the urea method, constructing a disposable biosensor based on molecular imprinting capable of accurately detecting Cys-C. Because Cys-C has a higher affinity with binding sites when surrounded by bifunctional monomers, the recognition ability of the sensor is enhanced. Additionally, introducing MWCNTs into the PPy matrix resulted in a more porous structure, larger surface area, and better sensitivity. The differential pulse voltammetry (DPV) detection of Cys-C in a pH 6.0 solution containing Fe(CN)63−/4− using this sensor had a limit of detection (LOD) as low as 0.5 ng/mL, demonstrating its cost-effectiveness and high stability for potential applications in clinical medicine.




2.4. Homocysteine (Hcy)


Hcy, cysteine (Cys), and glutathione (GSH) are the three most abundant small-molecule amino acids containing thiol groups, playing important roles in biological processes [41]. The normal level of Cys in human blood plasma is 135.8–266.5 μmol/L, the concentration of Hcy is in the range of 5–15 μmol L−1, and the GSH concentration in most cells is at mmol/L level [42,43]. Among them, Hcy is one of the important biomarkers of diabetic nephropathy. Therefore, it is particularly important to establish sensitive, accurate, and highly selective Hcy sensors.



Currently, electrochemical sensors(ECS) are commonly modified with noble metal nanoparticles on their surfaces. For example, Au nanoparticles (AuNPs) [44] possess good electron density, dielectric performance, and catalytic activity, as well as excellent conductivity, stability, and surface adsorption [45]. In recent years, silver nanoparticles [46] and alloy particles [47,48] have also been widely employed in ECS. In addition, MXene, with a chemical formula generally represented as Mn+1XnTx [49], is an emerging class of two-dimensional inorganic composite materials. MXene demonstrates immense advantages in areas such as medicine and sensing due to its large surface area, excellent energy storage performance, good bioconductivity, and biocompatibility [50,51]. Moreover, MXene possesses a strong reducing ability, providing new strategies for synthesizing multifunctional nano-hybrids [52,53]. Its exceptional performance offers new possibilities for improving the conductivity, electrocatalytic activity, and sensitivity of the target analyte’s signal response in biomimetic recognition bio-ECS interfaces. Liu [54] and others developed an unmarked molecularly imprinted electrochemical sensor (MIECS) for rapid and highly sensitive detection of Hcy. In this strategy, AuNPs were first prepared using chloroauric acid as a raw material in the presence of a reducing agent, and then AuNPs were introduced into the multilayer nanostructure of MXene to form MXene@AuNPs nanocomposites. Finally, the MIP with Hcy-specific recognition was formed by electropolymerization of DA monomer on the MXene@AuNPs-modified GCE surface. The MXene in the sensing interface has strong reducibility and excellent conductivity, and its large surface area accommodates more AuNPs and active sites, significantly enhancing the electrochemical performance of the sensor. The Hcy in the sample was detected by cyclic voltammetry, and the current signal decreased with the increase of Hcy concentration, with an LOD of 11.81 fmol L−1 (Table 2). It is worth noting that due to the inherent two-dimensional structure of MXene with stack ability, the target molecules cannot approach the active region [55], which greatly reduces the sensitivity of detecting target molecules, greatly limiting its electrochemical performance. Therefore, the improvement of MXene function and performance is still the focus of current researchers.



Wen [56] and others prepared an Aptasensor using a graphene sponge (GS) as a material (Figure 3). The GS and AuNPs were separately modified on the glassy carbon electrode (GCE). Then, an Hcy APT with 66 bases of hairpin deoxyribonucleic acid (DNA) was fixed on the GCE by a Au-S covalent bond. Non-linking sites were blocked by bovine serum albumin (BSA) using mechanical filling and adsorption coverage methods. Finally, MB was specifically adsorbed on the APT due to its high affinity with guanine [57,58]. In this study, MB had good biocompatibility and could generate electrochemical signals at a specific voltage in DPV, acting as an electrochemical hybridization indicator. In the presence of Hcy, the conformation of the nucleic acid APT changed after specifically binding with Hcy, causing MB release from the APT or moving away from the GCE surface, and thus changing the relative redox current (ΔI) of MB. The sensor exhibited excellent signal detection, selectivity, and reproducibility, with a good linear relationship between Hcy concentration and ΔI in the linear range of 1~100 μM, a wide linear range, and a detection limit of 1 μM (Table 2).



APT can effectively recognize biomarkers by non-specifically adsorbing on the surface of gold electrodes or AuNPs. Small molecule-assisted technology (SMAT) refers to the formation of an auxiliary interface by small molecules that enable the linear chains of APT to be vertically oriented on the interface. The specificity of APT is enhanced by restricting the non-specific binding sites at the sensor interface through 6-mercaptohexanol, dithiothreitol, and 3-mercaptopropionic acid. Existing research reports that the binary self-assembled monolayer composed of thiol APT and 6-mercaptohexanol can significantly reduce the surface molecular density of APT, confirming that SMAT can reduce the non-specific adsorption of APT [59]. Hcy is a type of redox molecule [60]. Using SMAT Beitollahi et al. [61] developed an unlabeled electrochemical sensor for detecting Hcy (Figure 4). Firstly, the aptamer solution was cast onto the surface of a glassy carbon electrode modified with AuNPs, and stood upright in a humid room to complete the self-assembly of the thiol aptamer. The modified glassy carbon electrode was then immersed in a 6-mercaptohexanol solution and washed with 0.1 M PBS at a pH of 7.4. Small molecule interface technology was used to form a linearly coordinated aptamer chain and limit non-specific binding sites. The Hcy binds through interaction with the aptamer and undergoes an electrochemical reaction at the modified electrode surface, resulting in a significant enhancement of the peak current. This sensor, under optimal conditions, identifies Hcy using the differential pulse voltammetry (DPV) method. The detection limit is 0.01 μM, and the linear range is 0.05–20.0 μM (Table 2).





 





Table 2. The developed BRBS for the detection of Hcy.






Table 2. The developed BRBS for the detection of Hcy.





	Category of Technology
	Functional Monomer/APT
	Detection Limit
	Ref.





	N-MIT
	dopamine hydrochloride
	11.81 fmol L−1
	[54]



	MAMT
	APT
	1 μM
	[56]



	SMAT
	APT
	0.01 μM
	[61]









2.5. Vascular Endothelial Growth Factor (VEGF)


VEGF is a 45 kDa homodimeric glycoprotein encoded by a single gene. Currently, five human VEGF microRNAs (mRNAs) have been found by splicing of VEGF mRNA, encoding VEGF with 121, 145, 165, 189, and 206 amino acids, respectively [62,63]. It has been found that the glomerular basement membrane has a high affinity for VEGF, which can cause an increase in the permeability of the glomerular basement membrane, thereby promoting the production of NO, endothelin, etc., further changing the renal hemodynamics of diabetic patients, leading to proteinuria and inducing diabetic nephropathy [64]. Therefore, the development of highly sensitive and selective VEGF detection methods is of great significance for early diagnosis and patient recovery assessment.



Palabiyik [65] and others proposed a highly sensitive label-free impedance sensor based on molecularly imprinted polymers (MIP) and graphite screen-printed electrodes (GSPE) as a detection platform for vascular endothelial growth factor (VEGF) (Figure 5). To improve the reproducibility of electrode detection and remove any impurities generated during the electrode manufacturing process, the GSPE was electrochemically pretreated before use. Then, MIP was formed on the pretreated GSPE surface by electropolymerization of ortho-phenylenediamine (o-PD) in the presence of the VGFR template. Under optimized conditions, the sensor used [Fe(CN)]3−/4− as a redox probe and employed a label-free method based on EIS measurement to detect VGFR, with good analytical performance in the range of 20~200 pg·mL−1 and a detection limit of 0.08 pg mL−1 (Table 3). Due to the disposable nature of the sensor, it is more suitable for clinical needs.



Cheng [66] and others constructed a convenient and ultra-sensitive ECL APT biosensor for detecting VEGF165. Firstly, the synthesized graphite-like carbon nitride (g-C3N4) nanosheets were adhered to CdSe using polydiallyldimethylammonium chloride (PDDA) as an adhesive, followed by assembling the obtained g-C3N4/PDDA/CdSe composite material onto the GCE surface. Finally, DNA1 and AuNP-labeled DNA2 were sequentially incubated on the modified GCE surface. In this strategy, AuDNA2 showed a significant spectral overlap with the g-C3N4/PDDA/CdSe composite, thus allowing for effective energy transfer. In the presence of VEGF165, the sensor impedance decreased significantly after the Au-DNA2 binds to VEGF165, and the ECL signal increased significantly. The ECL signal of the constructed biosensor increased with the increasing concentration of VEGF165, showing a prominent linear relationship from 2 pg mL−1 to 2 ng mL−1, and the detection limit of VEGF165 was as low as 0.68 pg mL−1 (Table 3). The excellent sensitivity, stability, repeatability, and selectivity of the ECL biosensor indicate further potential applications in clinical diagnosis.





 





Table 3. The developed BRBS for the detection of VEGF.






Table 3. The developed BRBS for the detection of VEGF.





	Category of Technology
	Functional Monomer/APT
	Detection Limit
	Ref.





	Surface MIT
	ortho-phenylenediamine
	0.08 pg mL−1
	[65]



	MAMT
	APT
	0.68 pg mL−1
	[66]









2.6. Epidermal Growth Factor Receptor (EGFR)


In recent years, EGFR has been proven to be one of the potential biomarkers for diabetic nephropathy [67]. Generally, the preparation of MIPs typically involves a single kind of template molecule/ion. However, MIPs based on a single template cannot recognize and remove multiple targets simultaneously. Multi-template MIT uses two or more target substances simultaneously as templates. Li et al. achieved simultaneous detection of dopamine and uric acid using dual-template technology, allowing the formation of MIPs containing multiple specific recognition sites. This provides a feasible strategy for simultaneously enriching, recognizing, detecting, and removing multiple targets [68]. Ahar et al. [69] constructed a MIP biosensor based on gold nanoparticle-modified screen-printed electrodes (Au-SPE) and used antibody-coupled nanoliposome amplification for simultaneous detection of EGFR and vascular VEGF (Figure 6). First, DSP was assembled onto the Au-SPE surface by self-assembly, and then the target proteins (EGFR and VEGF) were attached covalently through amide bonds to the modified SPE using multi-template molecular imprinting. Unbound sites were then blocked with acrylamide (AAM). Under the presence of persulfate, the AAM and N,N′-methylenebis(acrylamide) functional monomers were polymerized around the EGFR and VEGF templates, and the polymerization termination time was controlled by mixing the phenol solution with ethanol (w/t, 1%). Finally, by utilizing the ability of oxalic acid (OXA) to destroy peptide bonds, the template molecule is successfully removed from the imprinting layer. This strategy aims to produce reliable electrochemical signals by using nanoliposomes loaded with Cd(II) and Cu(II) ions, and modified with EGFR and VEGF-specific antibodies as the detection targets. In the analysis step, the potentiostatic adsorption analysis electrochemical technique is employed to indirectly determine the trace amounts of EGFR and VEGF in serum based on the content of these ions. Under optimal conditions, the detection limits for EGFR and VEGF analysis are 0.01 and 0.005 pg mL−1, respectively. The sensor has good sensitivity, repeatability, and specificity. In clinical practice, it is often necessary to analyze a series of biomarkers to make a final diagnostic result, and this SPE-based biosensor can be successfully integrated with lab-on-a-chip, microfluidics, or micro-total analytical systems, opening new avenues for the development of multiplexed sensing of biomarkers. However, it is worth noting that due to the dilution of each template’s binding sites, the selectivity of multi-template MIPs is lower than MIPs synthesized with a single template.




2.7. mRNA-21


mRNAs are a class of small non-coding RNAs that play important roles in post-transcriptional regulation of gene expression. mRNAs regulate over 60% of protein-coding gene expression. Therefore, changes in their expression are associated with many diseases, including liver diseases, kidney diseases, and diabetes [70,71,72]. Recently, some of the literature reported that mRNAs, such as mRNA-21, mRNA-223-3p, and mRNA-377, can serve as potential biomarkers for diabetic nephropathy [73,74].



Liu et al. [75] designed a photoelectroactive aptasensor for the detection of mRNA-21. First, chitosan was used to wrap the CuInS2-modified ITO electrode surface, preventing the dissolution of CulnS2 into the solution, and providing amino groups for subsequent electrode modification. Then, the carboxyl-modified DNA2 reacted with chitosan and was coupled to the electrode via amide bonds. If the hairpin DNA is recognized by mRNA-21, Exonuclease III (Exo III) will cleave the blunt 3′ end of DNA1, triggering the target-cycled amplification process that releases DNA3, which can hybridize with DNA2 on the electrode. The DNA2–DNA3 duplex provides a binding site for TATA-binding protein (TBP) attachment. Since TBP induces an 80-degree bend in the TATA sequence by inserting amino acid side chains on the base pairs of the dsDNA sequence [76], this blocks electron transfer, causing a sharp decrease in photocurrent intensity. The decrease in photocurrent due to steric hindrance can be used to quantify microRNA-21. This strategy combines anti-interference photoelectroactive cathode materials, enzyme-assisted target cycle amplification, and TBP-induced signal shutdown, achieving remarkable amplification efficiency. The detection limit of mRNA-21, under optimized conditions, is as low as 0.47 fM, and the linear range is from 1.0 × 10−15 M to 1.0 × 10−9 M. Further research is needed to explore the application of this DNA amplification-based PEC platform in DNA, protein, and small molecule detection.




2.8. Ceruloplasmin (Cp)


Cp is a copper-containing α-2 globulin with a molecular weight of 132 kDa, mainly synthesized and secreted by the liver, and plays a crucial role in regulating oxidative stress and iron homeostasis [77]. Some researchers have proposed that the glomerular capillary wall excretion rate of Cp in patients with diabetic nephropathy is almost parallel to the urinary albumin excretion rate. Increased excretion of Cp has also been observed in patients with impaired glucose tolerance and diabetes compared to healthy controls [78]. Increased urinary Cp excretion in diabetic patients with normal urinary protein has also been confirmed [79]. Therefore, detecting urinary Cp has a high value for early diagnosis of diabetic nephropathy.



Haghshenas et al. [80] designed a sensitive electrochemical aptasensor to quantify Cp using Cp-specific recognition APT. First, the diazonium salt of 4-Aminobenzoic acid (ABA) electrochemically reduced was covalently bonded to the MWCNTs/GCE surface [81], and after the carboxyl group was activated by N-hydroxysuccinimide(NHS) and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), the amino APT was immobilized on the electrode surface via amide bond formation. BSA solution was added to prevent non-specific adsorption on the sensor surface. Finally, Cp was detected using DPV and EIS in [Fe(CN)6]3−/4− solution. Cp-specific binding with APT induces a conformational change in the APT on the electrode surface, and the probe’s electron transfer is hindered. The DPV current of the aptasensor decreases with increasing Cp concentration, and the Rct value increases with increasing Cp concentration. Under optimal conditions, Cp concentration shows a linear relationship within the range of 0.02~3.0 ng mL−1 and 3.0~80.0 ng mL−1, with a detection limit of 3.7 pg mL−1. This aptasensor has broad application prospects for detecting Cp in human serum.




2.9. Platelet-Derived Growth Factor (PDGF)


PDGF is an important cytokine composed of two peptide chains (A and B) connected by disulfide bonds in serum, which can promote the proliferation of vascular endothelial cells, smooth muscle cells, and the biosynthesis of renal tubule matrix, playing a crucial role in regulating cell growth and division [82]. PDGF-AA, PDGF-BB, and PDGF-AB are three subtypes of PDGF [83]. Among them, PDGF-BB is directly involved in cell transformation and tumor growth [84]. Studies have shown that the level of PDGF in the plasma of patients with diabetic nephropathy increases. PDGF can promote the proliferation and matrix generation of renal tubular cells, further accelerating the process of renal fibrosis, which leads to further deterioration of renal function. In addition, PDGF-BB is considered an important marker capable of predicting early deterioration of renal function in patients with diabetic nephropathy. Therefore, the sensitive and selective detection of PDGF-BB in biological samples has significant implications for the diagnosis of diabetic nephropathy.



Zhang et al. [85] introduced an ECL aptasensor based on improved AuNPs to detect PDGF-BB (Figure 7). In this scheme, AuNPs-electrochemically reduced graphene (AuNPs-EG) nanocomposite material was electrodeposited on the GCE surface, and a large number of PDGF-BB APT (APT1) were fixed to amplify the detection response, constructing a highly conductive Aptasensor platform that can amplify the Luminol-H2O2 system ECL signal. By functionalizing AuNPs with glucose oxidase (GOD), a signal probe for the sandwich sensor of the second aptamer (APT2) and GOD-modified AuNPs was designed. This ECL sensor has the advantages of high sensitivity, good stability, and good selectivity, and has good analytical performance in the concentration range of 1.0 × 10−13~5.0 × 10−10 mol L−1 PDGF-BB, with a detection limit of 1.7 × 10−14 mol L−1 (Table 4). It has the potential for application in biochemical analysis.



In recent years, two-dimensional layered transition metal dichalcogenide materials have opened a new door in the field of electrochemistry due to their unique electronic and electrochemical properties [86]. VS2 has significant advantages in large specific surface area, good catalytic adsorption performance, and good biocompatibility. Normally, VS2 has a stacked-layer structure, and the V atom inserts between two S atoms to form a sandwich structure. Unfortunately, like most transition metal oxides, the weak conductivity of VS2 severely limits its further application in electrochemical biosensors. In order to improve the electrochemical performance of VS2, it seems necessary to combine it with good electronic conductive materials. Framework nucleic acids (FNAs) are one-dimensional to three-dimensional (3D) framework structures formed by nucleic acid molecules through self-assembly [87]. The surface performance of electrochemical DNA biosensors modified with FNAs has been significantly improved. Due to the good stability and controllability of FNAs, they can be assembled in an ordered manner on gold surfaces to fabricate more probes [88,89]. The controllable charge transfer characteristics of FNAs can be utilized to optimize the performance of electrochemical biosensors based on FNAs [90]. Compared to traditional electrochemical sensors functionalized with single-stranded DNA, electrochemical biosensors based on FNAs have stronger interference resistance and higher protein resistance. The empty structure allows for the maximization of space utilization, making it highly suitable for interface assembly with various materials [91]. Huang et al. [92] first prepared a novel VS2-graphene (VS2-GR) composite material using a simple one-step hydrothermal method and a novel label-free electrochemical aptasensor was designed for the detection of platelet-derived growth factor BB (PDGF-BB) using Exo III-assisted signal amplification technology, VS2-GR composite material, and tetrahedral structured DNA probe [93,94], which exhibits fast response, high throughput, and current sensitivity. In the absence of PDGE-BB, the APT hybridizes with complementary DNA (cDNA), and the biotin-labeled single-stranded signal DNA at the 5′ end cannot be cleaved by exonuclease III (Exo III). Biotin-labeled signal DNA hybridizes with protruding T-DNA on the AuNP/VS2-GR electrode, and the specific binding of avidin-biotin absorbs a large amount of avidin-horseradish peroxidase (avidin-HRP) onto the modified electrode, resulting in a strong current response of HRP to the mixture of hydrogen peroxide and hydroquinone (H2O2 + HQ). However, when PDGF-BB is present, the APT preferentially binds to PDGF-BB, and duplex DNA is formed between cDNA and signal DNA. The double-stranded DNA is digested by Exo III from the blunt end of the 3′ signal DNA and releases cDNA. Subsequently, the released cDNA undergoes a new cleavage process with the remaining signal DNA in the solution. Finally, the cyclic hybridization-hydrolysis process leads to a reduction in the number of signal molecules HRP on the electrode, resulting in a significant decrease in current response. The proposed detection method takes advantage of the large specific surface area, good conductivity, and excellent biocompatibility of layered VS2-GR composite materials, providing plenty of binding sites and suitable environments for the immobilization of biomolecules. In addition, the tetrahedral structured DNA probe based on framework nucleic acid assembly technology can minimize non-specific adsorption and obtain upright probes on the electrode surface, improving detection stability and reproducibility. Based on these advantages, the proposed detection method can detect PDGF-BB concentrations as low as 30 fM and has good selectivity for PDGF-BB (Table 4). Due to the inherent characteristics of Exo III, which does not require specific recognition sites and APT, the proposed detection method has a wide range of target molecules and can serve as a universal scheme for detecting DNA, drugs, and even proteins.





 





Table 4. The developed BRBS for the detection of PDGF.
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	Category of Technology
	Functional Monomer/APT
	Detection Limit
	Ref.





	MAMT
	APT
	1.7 × 10−14 mol L−1
	[85]



	FNAs
	APT
	30 fM
	[92]










3. Conclusions and Future Perspectives


Significant progress has been made in the construction technology of biomimetic recognition electrochemical sensors for diabetic nephropathy biomarkers, but there are still many challenges at the current stage. Current challenges include developing new multifunctional recognition elements, simultaneous detection of multiple biomarkers, further studying the binding mechanism between MIPs and target objects, achieving specific recognition of MIPs in the aqueous phase, enhancing the effective recognition rate of recognition elements for large molecules and the anti-interference ability of complex samples, integrating recognition elements and transducers to increase the sensitivity of sensors, making their preparation more convenient and faster, and further promoting their development towards intelligence and portability. With the rapid development of biotechnology, intelligent control technology, and microelectronics technology, especially micro-electro-mechanical systems (MEMS), the future biomimetic sensors will be miniaturized intelligent biomimetic systems supported by continuous system integration technology. Currently, it seems that miniaturized intelligent biomimetic sensors may be one of the main choices for the future construction of the perception layer sensors in the Internet of Things, and could be the only possible choice to replace traditional sensors.
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Figure 1. (A) Schematic of the proposed procedure for constructing the molecularly imprinted polymer electrochemical biosensor. (B) Principle of MIP-ECS detection of HSA [20]. 
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Figure 2. Schematic representation for the preparation of GNP/PDA-MIP. (a) The fabrication and application process of GNP/PDA-MIP and the EIS/DPV response of the GNP/PDA-MIP modified electrode towards different concentration of creatinine in electrolyte. (b) The formation mechanism of DA spontaneous oxidative polymerization [33]. 
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Figure 3. The fabrication procedures and detection mechanism of the aptaseneor. (a) The stepwise modifications of the GCE surface. (b) The electrochemical response of the aptasensor with/without Hcy. Ip represents the peak current [56]. 
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Figure 4. Schematic illustration of stepwise homocysteine aptasensor fabrication process [61]. 
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Figure 5. Scheme representation of molecular imprinting and the recognition principle: (a) electropolymerization with o-PD and VEGF; (b) removal of VEGF template; (c) incubation with VEGF sample solution; (d) washing and EIS measurements [65]. 
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Figure 6. Representation for the engineering processes of EGFR/VEGF biosensors [69]. 
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Figure 7. The procedure of the ECL aptasensor preparation. (A) Preparation of GOD-Apt2-AuNPs bioconjugates. (B) The schematic shows the strategy for constructing the ECL aptasensor [85]. 
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