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Abstract

:

Neuropilin-1 is transmembrane protein with soluble isoforms. It plays a pivotal role in both physiological and pathological processes. NRP-1 is involved in the immune response, formation of neuronal circuits, angiogenesis, survival and migration of cells. The specific SPRI biosensor for the determination of neuropilin-1 was constructed using mouse monoclonal antibody that captures unbound NRP-1 form body fluids. The biosensor exhibits linearity of the analytical signal between 0.01 and 2.5 ng/mL, average precision value 4.7% and recovery between 97% and 104%. The detection limit is 0.011 ng/mL, and the limit of quantification is 0.038 ng/mL. The biosensor was validated by parallel determination of NRP-1 in serum and saliva samples using the ELISA test, with good agreement of the results.
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1. Introduction


Neuropilins (NRP) are multifunctional receptors that were first identified because of their key role in mediating and directing the axons of the developing nervous system. Initially, neuropilins were described as semaphorin (SEMA) coreceptors [1,2]. Subsequently, Soker et al. identified the neuropilins as receptors for vascular endothelial growth factor (VEGF) [3]. There are two main isoforms in the neuropilin family: neuropilin-1 and neuropilin-2. NRP-1 and NRP-2 have a similar domain structure and an overlapping set of ligands [4]. Their amino acid sequences are 44% similar [5]. The primary structure of NRP-1 and NRP-2 consists of four domains: the CUB (a1/a2, homologous to complement components C1r/C1s) domain, the FV/FVIII (b1/b2, coagulation factor V/VIII homology) domain, the MAM domain (homologous to meprin, A5, μ), and a domain that contains a transmembrane helix and a short cytoplasmic tail. The soluble molecule of NRP consists of the same extracellular structure as the transmembrane NRP receptor, but is missing the transmembrane and the cytoplasmic part of the NRP-1 receptor [6]. The a and b domains bind particular endogenous ligands. The domains termed a1 and a2 are essential for binding to the SEMA domain of the semaphorin family. The b1 and b2 domains mediate binding to various isoforms of the vascular endothelial growth factor (VEGF) family. The MAM domain separates the b2 and transmembrane domains and mediates dimerization with other receptors. The cytoplasmic part contains no catalytic activity, but is the binding site of the PDZ (PSD-95/Dlg/ZO-1) domain of the protein interacting with NRP-1 (NIP—neuropilin interacting protein; or GIPCG—alpha interacting protein, C-terminus) [6,7]. Despite the similarities in the structure of neuropilins, there are differences between the ligands binding to NRP-1 and NRP-2. For example, VEGF-B, VEGF-E and SEMA-3A are bound by NRP-1 but do not interact with NPR-2. However, other ligands for NRPs have also been reported [7,8].



Neuropilins are transmembrane proteins that play a pivotal role in the control of neuronal guidance and VEGF signaling pathways, which underlies both physiological and pathological processes. Studies over the past years have revealed the involvement of neuropilins, especially NRP-1, in the immune response [9], angiogenesis [10], and survival and migration of cells [7,11]. NRP-1 is expressed in various tissues of the human body, especially in blood endothelial cells, vascular smooth muscle cells, retinal vasculature, neurons, and epithelial cells lining the respiratory and gastrointestinal tracts [12], as well as in immune cells, such as macrophages, dendritic cells (DCs), T cells, B cells, and mast cells [9].



The literature reveals great interest in neuropilin-1 in the context of the mediation of tumor development and progression, as its increased expression in the tumor vasculature has been observed. NRP-1 overexpression is seen in cancers of the pancreas, prostate, colorectal, breast, large intestine and kidneys, melanomas, glioblastoma, leukemias or lymphomas [13,14,15,16,17]. Because NRP-1 is involved in endothelial-dependent immune responses in the human brain, it may play a role in neurodegenerative diseases [18,19,20]. In the last two years, since the emergence of the SARS-CoV-2 pandemic, neuropilin-1 has been studied as an ally in the spread of the disease [12,18,21,22]. It has been observed that the presence of NRP-1 on the host cell surface facilitates the spread of SARS-CoV-2 infection, because the SARS-CoV-2 spike protein can bind to the b1,b2 domain of NRP-1 [12].



The determination of neuropilin-1 was formerly most often based on evaluation of its cell or tissue expression. For this purpose, flow cytometry [23] or Western blot [24] were used. However, detecting neuropilin-1 in tissue is invasive, complex and expensive compared with measuring the level of circulating NRP-1 in body fluids. In recent years, increasing numbers of studies on the detection of plasma NRP-1 levels have been published [15,25,26,27]. There are also reports of NRP-1 determination in urine [28]. For the detection of NRP-1 in body fluids, the enzyme-linked immunosorbent assay (ELISA) has been used.



Biosensors are often a good alternative method of biomolecule detection. They are used in various fields of medicine as they enable the fast detection of the initiation of disease and monitoring of its progression. The phenomenon of surface plasmon resonance (SPR) is used as a detection method in biosensors designed to detect potential biomarkers. The SPR phenomenon occurs in the surface layers of metal. Gold is the metal most often used as the basic layer of the biosensor. The measurement is based on the Kretschmann configuration [29]. When polarized light strikes a metal film at the interface of media with different refractive indices, it excites oscillations of surface free electrons (known as surface plasmons). This phenomenon is sensitive to any changes on the metal surface. The beam of light has a certain wavelength and falls at a certain angle. When subsequent layers are applied to the metal, the angle that causes the SPR effect changes and it is seen as a dip in the intensity of the reflected light at the SPR angle. The SPR measurements as applied in biosensors are used to monitor the changes in refractive index near the surface of the metal due to the binding of molecules to the surface. The SPR technique enables real-time measurement with high sensitivity and without the need for labels. Surface Plasmon Resonance Imaging (SPRi) is one of the variants of the SPR technique, and it combines its advantages with multiarray measurement. In this variant, measurements are taken at a constant wavelength and angle. The change in reflected light is measured using images from the CCD camera. To improve the detection performance of the SPR and the sensitivity of the method, efforts were made to test various modifications of the SPR technique by using various materials and nanostructures [30,31,32].



However, due to the simplicity of the SPRI biosensor construction, the technique still remains attractive for development of new biosensors.



In this work, we introduce a new method of neuropilin-1 determination based on an SPRi biosensor. This is the first marker-free biosensor to be applied in multiarray detection of free neuropilin-1 in body fluids. The mouse monoclonal antibody specific for neuropilin-1 was selected as the recognition element of the biosensor. The aim of the experiments was to optimize the analytical parameters of method and to validate it by measuring NRP-1 concentration in biological samples. For comparative evaluation of the results obtained with the developed method, an ELISA test was performed on the same samples.




2. Materials and Methods


2.1. Materials and Reagents


The recombinant human neuropilin-1, neuropilin-2, mouse monoclonal antibody of human neuropilin-1 (R&D Systems, Minneapolis, MN, USA), vascular endothelial growth factor VEGFA (ABCAM, Cambridge, UK), cysteamine hydrochloride, N-ethyl-N′-(3-dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS) (ALDRICH, Munich, Germany), absolute ethanol, acetic acid, hydrochloric acid, sodium hydroxide, sodium chloride, sodium carbonate, sodium acetate (POCh, Gliwice, Poland), HBS-ES buffer pH = 7.4 (0.01 M HEPES, 0.15 M sodium chloride, 0.005% Tween 20, 3 mM EDTA), Phosphate Buffered Saline (PBS) pH = 7.4, and carbonate buffer pH = 8.5 (BIOMED, Lublin, Poland) were used. Argon N 5.0 with Ar ≥ 99.999% content was used (AIR LIQUIDE Polska Sp.z o.o., Kraków, Poland). The bases of the immunosensors were chips covered with a layer of gold (Ssens, Uithoorn, The Netherlands).




2.2. Biological Materials


The biological materials used in the research were:




	–

	
blood plasma samples from patients with diagnosed multiple sclerosis and from smokers (Podlasie Psychogeriatric Center in Bialystok and the Department of Neurology, Medical University of Białystok, Poland);




	–

	
saliva samples from patients before endodontic treatment and from healthy volunteers (Ortho-Dent and Dentalblue, Bialystok, Poland).









The study obtained the consent of the relevant bioethical committee (license No. R-I-002/41/2019). The tested samples were diluted in a PBS solution so that the range of signals received from the detector lay within the range of the calibration curves.




2.3. Instrumentation


SPRi experiments were performed using a stationary device developed by our laboratory. The details of the construction are described in the previous paper [33]. The main parts of the SPRi apparatus used were a He-Ne laser, two glass lenses L1 (f 3 mm) and L2 (f 300 mm), two polarizers (P1 and P2), a mirror, a glass prism, and a CCD camera. The biosensor was placed on a prism and the Kretschmann configuration was used for measurements. The SPRi signal was calculated from the pictures taken with the CCD camera using ImageJ software (NIH, version 1.32).



The Anthos ELISA Reader (Salzburg, Austria) was used for the ELISA tests. The quantitation was performed using Human Neuropilin-1 ELISA Kit according to the recommendations of the manufacturer’s protocol.



A Quartz Crystal Microbalance (QCM, MethromAutolab B.V., Utrecht, The Netherlands) connected to a potentiostat/galvanostat (MethromAutolab B.V. PGSTAT 302N) was used to confirm the formation of successive immunosensor layers.




2.4. Procedures


2.4.1. Sensor Preparation


The biosensors were based on glass chips with sputtered gold, purchased directly from the manufacturer (SSens, Uithoorn, The Netherlands). The preparation of the biosensor began with the immobilization of a linker layer to enable binding of the receptor (antibody). The gold plate was immersed in a 20 mM alcoholic cysteamine solution for a minimum of 12 h at room temperature. After the required time, the plate was rinsed in anhydrous ethyl alcohol and water. The next step was the binding of NRP-1 antibody. For this purpose, 2–3 µL of antibody solution of the appropriate concentration was applied to the cysteamine layer, and the chip prepared in this way was placed in an incubator for 1 h at 37 °C. After this time, the biosensor was washed with HBS-ES solution and distilled water to remove excess unbound antibodies. To eliminate non-specific adsorption, a BSA solution (C = 1 mg/mL) was applied to the biosensor surface and rinsed with distilled water. The biosensor prepared in this way enabled the capture of NRP-1 from the solution. About 2–3 µL of the analyzed solution was dropped onto the active sites and left for 10 min. The biosensor was then rinsed with HBS-ES solution and water. All measurements were carried out at pH = 7.40 (based on information from the safety data sheets of the reagents). The procedure for the preparation of the sensor is shown schematically in Figure 1.




2.4.2. SPRi Measurement


The prepared biosensor was placed on a prism in the SPRi device, and the appropriate angle of incidence of the laser light at which the measurements were to be conducted was set. Using a CCD camera, photographs were taken at a fixed SPR angle. First, an image of the antibody layer was recorded. Next, the interaction of the antibody with the solution containing neuropilin-1 was performed. After rinsing and drying of the biosensor surface, a second image was recorded. As a result of the binding of the analyte to the receptor, there was a change in the refractive index (RI), which was detected as changes in the reflected light intensity recorded on the CCD camera image. Mathematical 2D image analysis was performed using ImageJ software (NIH, Version 1.8.0_172). The final SPRi signal was calculated based on the difference of the signals obtained before and after the interaction of the antibody with the analyte.




2.4.3. QCM Measurements


A quartz crystal microbalance (QCM) was used to check the formation of molecular complexes on the surface of the biosensor. The crystal placed in the measuring cell (3 mL) had a resonance frequency of 6 MHz and an area of 0.361 cm2. The gold layer was 100 nm thick. The procedure for creating successive layers on gold was similar to that used for the SPRi measurements. The first step was to pour 2 mL water into the measuring cell and to measure the oscillation changes (Δf) of the quartz crystal with a gold layer. The water was then removed from the measuring cell and the crystal was dried with argon. Next, 2 mL cysteamine solution (20 mM) was poured in. The solution was left for 2 h to coat the gold with a layer of cysteamine. After this time, the cysteamine solution was removed and the crystal was rinsed with anhydrous ethyl alcohol and water, and dried with an argon stream. The oscillation changes for the cysteamine layer were then measured. Next, the antibody solution (activated with the EDC-NHS mixture in carbonate buffer) was placed in the measuring cell and left for 1 h to immobilize it on the cysteamine layer. The Δf value for the antibody layer was measured. In the next step, the antibody–antigen reaction was performed. For this purpose, the neuropilin-1 solution was placed in the microbalance cell for 10 min, and then Δf was measured again. The QCM analysis was supported by dedicated NOVA 2.1 software.




2.4.4. ELISA—Measurements


The determination of neuropilin-1 concentration was performed using Human Neuropilin-1 Quantikine ELISA Kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions.






3. Results


3.1. Optimization of Conditions for NRP-1 Determination


The first stage in the development of the biosensor was the selection of an appropriate capture element (receptor) and determination of its optimal concentration. Mouse monoclonal antibody of human neuropilin-1 was chosen as a receptor. Experiments were performed at pH = 7.4. Antibody solutions were prepared in PBS buffer with concentrations in the range of 1.00–500 ng/mL. The cysteamine-coated chip was treated with the antibody solution by placing drops with successive concentrations of antibody on the active sites. After immobilization of the antibody, the biosensor was treated with neuropilin-1 solution at a constant NRP-1 concentration (5 ng/mL). The measurements were carried out according to the procedure described in Section 2.4.1 and Section 2.4.2. The measurement results are presented in the form of a plot of the SPRi signal versus antibody concentration (Figure 2).



The curve obtained was of the Langmuir isotherm type. The amount of immobilized antibody was related to the antibody concentration. The SPRi signal increased until saturation was reached. A concentration of antibody of 200 ng/mL and above provided the highest specific signal and was therefore used in the subsequent stages of the study.




3.2. Establishment of the Standard Curve


Instrument calibration and establishment of the standard curve is an essential stage in quantitative measurement procedures. To establish the relationship between the instrument’s response and NRP-1 concentration, a set of nine standard solutions containing a known amount of the analyte was prepared. The concentration of NRP-1 was in the range of 0.01–10.0 ng/mL. The calibration standard of NRP-1 was diluted with PBS solution. Experiments were performed at an antibody concentration of 200 ng/mL. The effect of neuropilin-1 concentration on the SPRi signal (the calibration curve) is shown in Figure 3.



A curve of Langmuirian shape was obtained. Saturation of the biosensor surface was observed at NRP-1 concentrations above 2.50 ng/mL. The limit of detection (LOD) was calculated by the formula 3.3 SD/A, where A was the slope of the calibration curve. The limit of quantification LOQ was calculated as 10 SD/A. The results obtained and the parameters of the ELISA test are presented in Table 1.




3.3. Recovery and Precision of the SPRi Method for Determination of Neuropilin-1


The precision of the developed SPRi biosensor was determined by applying five standard solutions with appropriate concentrations of the reference material (0.05, 0.5, 1.00, 2.00 and 2.50 ng/mL) to the active sites of the biosensors. These concentrations are within the linear range of the calibration curve. For each sample, 12 independent measurements were conduced. The percentage recovery of the added NRP-1 and RSD were calculated for each of the samples (Table 2).



The results showed percentage recoveries at all concentration levels in the range of 97–106%, while CV values were in the range of 3.4–5.8%. The results were within the accepted limits, namely from 80.00% to 120.00% and not more than 20.0% [34], which indicates that satisfactory precision and recovery were achieved.




3.4. Selectivity of Biosensor


Selectivity is the ability of an analytical method to differentiate and quantify the analyte in the presence of other components in the sample. The interaction between the biorecognition element and target bioanalyte should be based on a strong and selective mutual affinity. In our experiment, the mouse monoclonal antibody of human neuropilin-1 was used as the biorecognition element. According to the manufacturer, this antibody detects human neuropilin-1 directly and it does not cross-react with recombinant human neuropilin-2. The selectivity of the developed method was evaluated by the measurement of NRP-1 concentration in the presence of neuropilin-2 and other interferents such as VEGF-A and albumin. Neuropilin-2 was selected as a potential interferent due to the similar structure of its domains to those of NRP-1. The second potential interferent was VEGF-A, which binds to NRP-1 with high affinity. The third interferent studied, albumin, constitutes about 60% of all proteins and is capable of binding and transporting various substances. It was investigated to exclude potential nonspecific adsorption on the surface of the chip’s active sites.



The test of the biosensor’s selectivity was carried out in three stages. In the first stage, mixtures of neuropilin-1 with VEGF-A were prepared in various ratios (cNRP1:cVEGFA = 1:10, 1:1, 10:1, 100:1). These mixtures were dropped onto the active sites. In the second step, the antibody’s selectivity was studied. A solution of NRP-2, VEGF-A and albumin was applied to the antibody. The concentrations of NRP-2 were 1.00 and 10.0 ng/mL, those of VEGF-A were 0.01, 0.10, 1.00 and 10.0 ng/mL, and those of albumin were 1.00, 10.0 and 100 ng/mL. The third step was to check whether the antibody-bound neuropilin-1 captures VEGF-A from the biological material. For this purpose, solutions of NRP-1 at a concentration of 1 ng/mL were applied to the antibody and left for 10 min. After washing with water and removal of unbound NRP-1 molecules, VEGF-A solutions with concentrations of 0.01, 0.10, 1.00 and 10.0 ng/mL were dropped onto each of the sites. The experimental procedure is illustrated schematically in Figure 4.



The results of the selectivity tests are presented in Table 3. They show that the antibody used does not capture NRP-2, VEGF-A or albumin. The NRP-1 associated with the antibody does not interact with VEGF-A (recoveries of 103–107%). The addition of VEGF-A in excess to the standard solution of neuropilin-1 resulted in its complexing, and the recovery was at levels of <1%. When the ratio of concentrations of NRP-1 and VEGF-A was 1:1, the recovery was 36%. In the case of an excess of NPR-1 over VEGF-A (10:1 and 100:1), the recovery was 85% and 98%, respectively. The concentration of VEGF-A in plasma is at least 100 times lower than that of NRP-1 [15,35], and therefore it should not interfere with the quantification of the test protein. It can be concluded from our study that the presented biosensor detects unbound neuropilin-1.




3.5. QCM Studies of the Biosensor Surface


The QCM is a mass-sensitive transducer and can detect the adsorption of biochemical species on the sensor surface. Therefore, QCM was used to test the formation of successive layers of the biosensor. The results are presented in Figure 5. Frequency changes Δf (Hz) as a function of time t (s) were observed, and confirmed the formation of successive layers of the sensor.




3.6. Determination of NRP-1 in Natural Samples


The SPRi biosensor was tested to detect NRP-1 in serum and saliva samples. The accuracy of the developed method was validated with the ELISA method. NRP-1 was quantified in the same samples using both methods, and the detected concentrations were compared. The results are presented in Figure 6. The Pearson correlation coefficient was calculated to assess the correlation between the concentration values obtained with both methods, and it was 0.914 (p < 0.05) for the serum samples and 0.925 (p < 0.05) for the saliva samples. These results indicate that the NRP-1 concentration values obtained with the two tests are very similar. Thus, the developed SPRi biosensor can be used to quantify neuropilin-1 in both serum and saliva. The neuropilin-1 concentration range obtained was 190–362 ng/mL in serum and 1.13–1.74 ng/mL in saliva.





4. Discussion


There are few reports in the literature on methods of neuropilin-1 quantification. ELISA tests are most commonly used. In this study, a biosensor was developed to determine neuropilin-1 concentration by the SPRi technique. The sensor operates on the basis of an interaction between a specific antibody as recognition element and NRP-1 in solution. The biosensor exhibited linearity of the analytical signal response and acceptable precision and recovery. In the developed method, a lower LOQ was obtained compared with the commercial ELISA test (Table 1). The results of selectivity tests showed that the antibody used captures only neuropilin-1 not bound to VEGF-A. Gagnon et al. studied the binding of recombinant soluble NRP-1 to VEGF-A165. The analysis showed that sNRP-1 binds to VEGF-A165 with a Kd value of around 5–10 × 10−9 M [36]. Our study showed that VEGF-A used as an interfering biomolecule binds NRP-1, and at a 1:1 concentration ratio of NRP-1 and VEGF-A, the recovery rate was only 36%. The concentration of VEGF-A in serum was found to be in the range of 133–1657 pg/mL for control subjects and patients with ischemic and hemorrhagic strokes [30], and mean serum values of sNRP-1 were reported by Rachner at 1.88  ±  0.52 nmol/L (= 130.83  ±  36.24 ng/mL) for patients with breast cancer [15]. The range of NRP-1 concentrations is therefore 1000 times greater than that of VEGF, and thus the latter should not interfere with the determination of the amount of free neuropilin-1. The concentrations in serum obtained in our studies range from 190 to 362 ng/mL. This was the first time that a biosensor was used to determine the concentration of NRP-1 in saliva. The concentration of sNRP-1 in gingival crevicular fluid (GCF) samples from periodontitis patients was determined [37]. This study discovered a good correlation between the results obtained from the SPRi and the ELISA measurements of NRP-1 levels. The correlation coefficient for the quantitative determinations of NRP-1 concentration in serum and saliva was above 0.9. The deviations from the regression line are probably due to experimental error in either the SPRi biosensor or the ELISA immunoassay, or both. The complexity of the natural samples or the use of different antibodies in the two assays may also have contributed to the deviations.



One of the most important characteristics distinguishing the SPRi biosensor from other techniques such as ELISA is that it does not require the use of any labels that may affect the natural functionality of the biomolecules. SPRi biosensors, therefore, also offer economic advantages, as they save the cost of the expensive labeling reagents used. The volumes of the samples and reagents used are of the order of 2–5 µL. This factor also reduces waste. The SPRi sensor chip used in our experiment can be made reusable by a regeneration mixture [38].



Like any method, the SPRi biosensor also has its limitations. The current limits in SPR technique are predominantly determined by properties of the surface plasmon phenomenon and the present state of development of optical technology. In imaging version of SPR, the limitation is explained by the use of camera images for measurements. The sensitivity of measurements depends on picture resolution. It is therefore essential to use detectors with a high signal-to-noise ratio. To improve the sensitivity of the SPR sensing, the various materials and nanostructures to surface modification can be used [32].



Influence of the interference of non-specific binding of other molecules on the outcome signals is also a disadvantage of SPRI sensing. However, this can be overcome by using a highly selective receptor, blocking the surface layer or appropriate dilution of the sample.



Due to the important role of neuropilin-1 in immune processes, cancer and neurodegenerative disorders, the developed method may serve as a tool to study its role as a potential biomarker of diseases. With NRP-1 emerging as a promising therapeutic target for diseases [9,12,13], it is necessary to study the level of NRP-1 and the mechanisms of action of this protein in various signaling pathways in the body.




5. Conclusions


In summary, we have described a new method for detecting the soluble form of NRP-1 in serum and saliva. A specific SPRi biosensor for the determination of neuropilin-1 was constructed using mouse monoclonal antibody, which captures unbound NRP-1 from body fluids. The developed sensor displayed good sensitivity and precision, as well as acceptable values of recovery. The results obtained with the SPRi biosensor are similar to those obtained by the commercial ELISA test. The quantification of NRP-1 in serum or saliva can serve to study NRP-1 as a potential biomarker for more personalized diagnostic and treatment plans in cases of various diseases.
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Figure 1. Scheme of the sensor preparation procedure. 
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Figure 2. Dependence of SPRI signal (Arbitrary Units) on mouse NRP-1 antibody concentration. NRP-1 concentration: 5 ng/mL. pH = 7.4. Error bars were calculated for 12 independent measurements for each concentration at a 95%confidence level. 
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Figure 3. Dependence of the SPRI signal (Arbitrary Units) on NRP-1 concentration. (―): in the full range of tested concentrations, (―): calibration curve. NRP-1 antibody concentration: 200 ng/mL, pH = 7.4. Error bars were calculated for 12 independent measurements for each concentration at a 95% confidence level. 
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Figure 4. The experiment to test the selectivity of the biosensor. 
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Figure 5. QCM studies of the biosensors surface. Variation of frequency as a function of time. 
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Figure 6. Correlation between serum (A) and saliva (B) NRP-1 levels quantified with the SPRI-biosensor and the traditional ELISA assay. Each point represents a single patient. The plot of correlation (―), confidence interval ( - - - ). 
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Table 1. Parameters of the calibration curve obtained by the SPRi biosensor and the ELISA method.
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	Method
	Linear Dynamic Range
	R2
	LOD
	LOQ





	SPRI biosensor
	0.01–2.50 ng/mL
	0.9891
	0.011 ng/mL
	0.032 ng/mL



	ELISA
	78.1–5000 pg/mL
	0.9794
	n/d
	9.330 pg/mL
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Table 2. Recovery and precision of the developed method.
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	Series
	Spiked

(ng/mL)
	Found

(ng/mL)
	SD

(ng/mL)
	CV

(%)
	Recovery

(%)





	1
	0.05
	0.052
	0.003
	5.8
	104



	2
	0.50
	0.517
	0.025
	4.8
	103



	3
	1.00
	0.965
	0.044
	4.6
	97



	4
	2.00
	1.955
	0.097
	4.7
	98



	5
	2.50
	2.439
	0.084
	3.4
	98
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Table 3. Analytical specificity of the developed biosensors.
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Cinterferent

(ng/mL)

	
Added CNRP-1

(ng/mL)

	
Found CNRP-1

(ng/mL)

	
Recovery

(%)






	
STAGE1

	
Mixture NRP1 + VEGF-A




	

	
0.01

	
1

	
0.98

	
98




	

	
0.10

	
0.85

	
85




	

	
1.00

	
0.36

	
36




	

	
10.0

	
<0.01

	
<1




	
STAGE 2

	
NRP-2




	

	
1.00

	
not added

	
not found

	
0




	

	
10.0

	
0




	

	
VEGF-A




	

	
0.01

	
not added

	
not found

	
0




	

	
0.10

	
0




	

	
1.00

	
0




	

	
10.0

	
0




	

	
Albumin




	

	
1.00

	
not added

	
not found

	
0




	

	
10.0

	
0




	

	
100

	
0




	
STAGE 3

	
VEGF-A




	

	
0.01

	
1

	
1.04

	
103




	

	
0.10

	
1.06

	
106




	

	
1.00

	
1.07

	
107




	

	
10.0

	
1.05

	
105

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
SPRI signal [A.U.]

7000

6000

5000

4000

3000

2000

1000

100

L] L) L}

200 300 400

Antibody concentration [ng/ml]

500

600





nav.xhtml


  sensors-23-04118


  
    		
      sensors-23-04118
    


  




  





media/file2.png
washing washing

t=1h
T=37C
-~ —
_— a
A
e NH, 4
1 500 ’ ‘
400
e t=12h EDC
200 T = 25°C NHS | ;/
L 100 carbonate -
4 buffer < =
. (pH=8.5)
cysteamine laboratory

solution incubator





media/file5.jpg
SPRI signal [A.U]

7000

6000

5000

4000

3000

2000

1000

y=2165% + 622
R?=0.9891

2 4 6 8
NRP-1 concentration [ng/ml]

2





media/file3.jpg
SPRI signal [A.U.]

7000

6000

5000

4000

3000

2000

1000

100

200 300 00
Antibody concentration [ng/mi]

500





media/file1.jpg
washing

/ e

" _—
SIS |
e
TaZe -4 e
) oo TR
ot
cysteamine %9 Jaboratory

solution incubator





media/file7.jpg
Stage 1 Stage 2 Stage 3

I i P

NRP-1+ VEGFA NP2 ygora T ALBUMIN VeGrA

NN /TN

.LLL.LLL

’é
H
&
N

%
o





media/file10.png
Af [Hz]

Af=1(t)

-100

-150

-200

-250

-300

-350

Gold layer

100 200 300 400 500 600 700 800
Cysteamine layer

e

Antibody layer

Neuropilin-1layer

9(

)0

-400

t [s]





media/file12.png
250 300 350 400

Cunrp-1 by ELISA test [ng/ml]

200

o

. w0

o o o o o [ — B
o w0 o w0 o w0
-t ™ ™ o™ o™ -—

[ruBu] sosussolq [yds Aq Ny

<

2.0

14 1.6 1.8

Cnre4 DYy ELISA test [ng/ml]

1.2

1.0

o« @
L -

2.0
14
1.2
1.0

[lw/Bu] Josuasolq [yds Aq Hd¥Ng





media/file9.jpg
Af [Hz]

Ar=f)

Goldlayer
10

p 00
Cysteanine layer

s00

Antibody layer

w0

Neuroptin-1layer.

tls]





media/file0.png





media/file8.png
rg Cysteamine Antibody

Stage 1

Stage 2

Stage 3

NRP-1 + VEGF-A

NRP-2

VEGF-A

ALBUMIN

VEGF-A






media/file11.jpg
Cra.qby SPRIbiosensor [ngmi]

w

o1 by SPRI biosensor [ng/mi]

Cunp.1 by ELISA test [ng/mi]

16

14

12

R=0.925

14 15
Cugp.1 by ELISA test [ngimi]

s 20





media/file6.png
SPRI signal [A.U.]

7 000

6 000

5000

4 000

3 000

2 000

1000

s

y =2165x + 622
R?=0.9891

0 2 4 6 8 10
NRP-1 concentration [ng/ml]

12





