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Abstract

:

Vascular endothelial growth factor (VEGF) is directly related to cancer growth and its distant spread, and thus, it is considered a promising biomarker for diagnosis and post-treatment monitoring of patients with malignancies. Zinc protoporphyrin (ZnPP) is a zinc-centered raw purple compound (protoporphyrin) that has unique optical and electrochemical characteristics. In this study, we used a ZnPP-modified gold electrode to generate a chemical bond with Avastin by self-assembly and fabricate a Au/ZnPP/Avastin electrode. Bovine serum protein (BSA) was added to the electrode to prevent non-specific linkage with biomolecules. The prepared Au/ZnPP/Avastin/BSA electrodes were used for the detection of VEGF by cyclic voltammetry and amperometry. The optical properties of ZnPP were analyzed with an ultraviolet/visible/near-infrared spectrometer and a photoluminescence spectrometer. The structural and hydrophilic/hydrophobic properties of the ZnPP-modified gold electrodes were investigated by Fourier-transform infrared spectroscopy and contact angle gauge, respectively. VEGF was detected with the Au/ZnPP/Avastin/BSA electrodes prepared either with (w/LT) or without light treatment (w/o LT). The w/LT electrode showed a linear range and a sensitivity of 0.1 pg/mL–10 ng/mL and 6.52 μA/log(pg/mL)-cm2, respectively; the corresponding values for the w/o LT electrode were 10 pg/mL–10 ng/mL and 3.15 μA/log(pg/mL)-cm2, respectively. The w/LT electrode had good specificity for VEGF and was minimally influenced by other molecules. The excellent detection range, high sensitivity, and high selectivity for VEGF detection indicate that Au/ZnPP/Avastin electrodes have great potential for diagnostic and prognostic applications in patients with malignancies.






Keywords:


vascular endothelial growth factor; Avastin; zinc protoporphyrin; light treatment; modified Au electrode; cyclic voltammetry; amperometry












1. Introduction


Protoporphyrin and its derivatives are widely distributed macromolecules that contain hemoglobin, collagen, and vitamin B12 [1]. Zinc protoporphyrin (ZnPP) is a macrocycle that consists of four pyrrole units for the tower, four methylene units for the bridge, and metal zinc chelate, ultimately resulting in a ring structure [2]. Because ZnPP has a multi-electron resonance structure that can be excited at a specific wavelength, ZnPP films can be used to monitor the energy transfer between electrons during fluorescence [3]. Its unique structure and optical properties have been confirmed by ultraviolet/visible (UV/Vis)/near-infrared (IR), Fourier-transform IR (FTIR), and photoluminescence (PL) [4].



Vascular endothelial growth factor (VEGF) is a heparin-binding growth factor that acts as a master regulator of angiogenesis, i.e., the formation of new blood vessels. VEGF is known to be released in large amounts by cancer cells to increase their blood supply. Accordingly, the growth and spread of solid tumors is critically dependent on the presence of adequate vascular networks. In this regard, VEGF has been shown to promote the viability of cancer cells [5,6] and is frequently overexpressed in solid malignancies [7]. An increase in serum VEGF levels has been reported in clinical populations affected by different tumors [5,8,9]. Avastin—a monoclonal antibody against VEGF—has been shown to block tumor-associated angiogenesis. The reduced oxygen and nutrient supply resulting from angiogenesis blockade eventually induces apoptosis of malignant cells [10]. Accumulating evidence indicates that Avastin exerts its anti-angiogenic effects by competing with the VEGF receptor for VEGF binding [11,12,13]. In clinical practice, Avastin is extensively applied for the treatment of diabetic retinopathy—a condition characterized by excess retinal angiogenesis [14]. Herein, we used Avastin as a primary antibody for VEGF detection owing to its affinity for this angiogenic growth factor.



Photoelectrochemical biosensors have been the subject of intense research interest [15,16,17,18]. Li and coworkers have focused on miRNA [19,20], whereas Chen and colleagues were able to develop photoelectrochemical biosensors for the detection of nucleic acids [21]. Other photelectrochemical biosensors have been developed for detecting tyrosine [22] and adenosine triphosphate in cancer cell extracts [23]. Additionally, we have previously investigated protein detection using polycrystalline-silicon nanowire field-effect transistors [8,24].



In this study, we fabricated Au/ZnPP/Avastin electrodes by taking advantage of the specific binding between VEGF and Avastin (a monoclonal antibody against VEGF). Additionally, Avastin was immobilized on the Au/ZnPP electrodes through the interaction between the zinc ions of ZnPP and the lone pair electrons of nitrogen atoms in the antibody. Bovine serum protein (BSA) was added to prevent non-specific binding to the electrode [24,25]. The Au/ZnPP/Avastin/BSA electrodes prepared in this study were used to measure VEGF concentrations by cyclic voltammetry (CV) and amperometry. According to Ohm’s law, biological macromolecules such as monoclonal antibodies have poor conductivity; thus, Avastin binding yields to a decreased current. VEGF concentrations as detected by the Au/ZnPP/Avastin/BSA electrodes were quantified by measuring the current variation before and after VEGF binding.




2. Materials and Methods


2.1. Reagents


ZnPP was obtained from Alfa Aesar; N-methyl-2-pyrrolidone (NMP), potassium ferricyanide (K3Fe(CN)6), and potassium ferrocyanide (K4Fe(CN)6) were purchased from Merck; L-cysteine, human serum albumin (HSA), human immunoglobulin G (IgG) antibodies, and creatinine were from Sigma-Aldrich; BSA was obtained from Elabscience (BSA (E-IR-R108); Avastin was from F. Hoffmann-La Roche; and vascular endothelial growth factor (VEGF) was obtained from Abcam (recombinant human VEGF-A protein (ab155740)).




2.2. Characterizations of ZnPP


The optical properties of ZnPP in liquid and solid states were analyzed using UV/Vis and near-IR spectroscopy (JASCO V-650) at wavelengths of 190–900 nm for absorption spectral analysis. A total of 15.6 μg/mL of a ZnPP/NMP solution was prepared by dissolving ZnPP in NMP and subsequently placed in quartz cells for analysis. Solid ZnPP films were prepared by coating a ZnPP/NMP solution on a quartz sheet, which was subsequently vacuum-dried. FTIR spectroscopy (Bruker Tensor 27 FTIR spectrometer) and enzyme-linked immunosorbent assay (ELISA) were used to verify self-assembly of ZnPP with an amino acid (e.g., cysteine) and proteins. In FTIR testing, samples were analyzed with a resolution of 8 cm−1 at wavenumbers of 4000–400 cm−1; 2 mg/mL ZnPP/NMP solution and 3.3 mg/mL cysteine aqueous solution were mixed and shocked in a volume ratio of 5:3 for 3 h before being centrifuged. After centrifugation, the sediment was vacuum-dried for 180 min to obtain the ZnPP/cysteine (ZnPP/cys) compound. ZnPP, cysteine, and ZnPP/cys were homogenized with KBr powder and analyzed using a Bruker Tensor 27 FTIR spectrometer after molding with oil pressing equipment and abrasives. The PL intensities of the 2.5 μg/mL ZnPP/NMP solutions at wavelengths of 300–800 nm were measured using excitation light (wavelength: 430 nm) using a PerkinElmer LS55 PL spectrometer. The hydrophobic/hydrophobic properties of the Au/ZnPP and Au/ZnPP/Avastin electrodes were measured with a contact angle gauge (type 22AUC03; manufacturer: FTA). The light absorption densities of the Au/ZnPP electrodes were measured using the Bradford method either with or without light treatment (w/LT and w/o LT, respectively) using a white-light lamp (1200 lm) for 20 min. The Bradford solution was prepared by dissolving 50 mg Coomassie blue (g250; ACROS ORGANICS) into 50 mL methanol. Subsequently, 100 mL 85% of phosphoric acid (H3PO4) and 850 mL DI water were concomitantly added, stirred for 30 min, and stored at 4 °C. We then added 0.136 mg/mL of BSA protein droplets to the w/LT and w/o LT Au/ZnPP electrodes. BSA solutions were removed and incubated with Coomassie blue (g250) at 37 °C for 30 min. Finally, the light absorption densities (wavelength: 595 nm) were measured with ELISA.




2.3. Fabrication of VEGF Biosensors with and without Light Treatment


The production process of the VEGF sensing electrodes is shown in Figure 1. In an effort to optimize both Avastin and BSA concentrations, we used differential pulse voltammetry (DPV) to measure the differences in the current before and after the addition of Avastin and BSA on the Au/ZnPP electrode. First, 2.5 μL of 5.0 × 10−3 wt% (440 μg/mL) ZnPP/THF solution were coated on a Au electrode at 50 °C for 3 min as a Au/ZnPP electrode. The Au/ZnPP electrode was subsequently incubated with 20 μL of 1.25 mg/mL, 125 μg/mL, 31.25 μg/mL, 12.5 μg/mL, and 1.25 μg/mL of Avastin, respectively, for 1.5 h to immobilize the Au/ZnPP electrode as Au/ZnPP/Avastin. Upon calculating the current difference between Au/ZnPP and Au/ZnPP/Avastin electrodes, we identified the electrode with 31.25 μg/mL of Avastin as that having the highest stability. In an effort to increase the specificity of the Au/ZnPP/avistin electrode for VEGF, we used BSA as a blocking buffer. The optimized Au/ZnPP/Avastin electrode was incubated with 20 μL of 1.36 mg/mL, 136 μg/mL, 62.5 μg/mL, and 13.6 μg/mL of BSA, respectively, for 1 h to immobilize the Au/ZnPP/Avastin electrode as a Au/ZnPP/Avastin/BSA electrode. The DPV results revealed that 136 μg/mL of BSA led to blocking buffer saturation. Owing to the limited electrode area, the addition of excess BSA would result in a decreased current. Therefore, an optimized BSA concentration (136 μg/mL) was used for preparation of the Au/ZnPP/Avastin/BSA electrodes (w/o LT). For comparison purposes, the Au/ZnPP/Avastin/BSA electrodes with light treatment (w/LT) were also prepared under the same optimized conditions. Owing to their stability and limited cost, BSA and milk are frequently used as blocking agents to avoid non-specific reactions [26,27]. Thus, the Au/ZnPP electrode was initially treated with 200 μL of 0.01 M PBS solution before conducting amperometry experiments (960 s at 0.38 V). The 1200 lm white-light lamp treatment was started at 60 s, and 20 μL of Avastin was added at 31.25 μg/mL at 360 s to fix the Avastin to the Au/ZnPP electrode and form the Au/ZnPP/Avastin electrode (w/LT). Subsequently, 0.136 mg/mL BSA was added to Au/ZnPP/Avastin electrodes (w/LT) to produce Au/ZnPP/Avastin/BSA electrodes (w/LT). Image analyses of the electrode surface and of Zn atoms distribution were carried out using field-emission scanning electron microscopy (FESEM-Hitachi SU8010, Georgia Institute of Technology, Atlanta, GA, USA) and energy-dispersive X-ray spectroscopy (EDX, Bruker xflash detector 5030, Bruker AXS GmbH, Karlsruhe, Germany), respectively.




2.4. Detection of VEGF and Selectivity Tests


Different concentrations of VEGF were added to Au/ZnPP/Avastin/BSA electrodes (w/LT and w/o LT), which underwent incubation for 1 h at 4 °C. Unbound VEGF was washed off with deionized (DI) water. The current changes in the electrodes were measured using amperometry in a 20 mM K3Fe(CN)6/K4Fe(CN)6 solution. Specificity tests for Au/ZnPP/Avastin/BSA electrodes (w/LT) were conducted by adding VEGF (10 ng/mL), human serum albumin (HSA, 6.57 ng/mL), IgG antibody (1.0 mg/mL), and creatinine (6.0 mg/mL), respectively. We also tested a mixture consisting of VEGF (10 ng/mL), IgG antibody (0.45 mg/mL), and HAS (2.95 mg/mL) to mimic the conditions found in human serum. The above molecules were washed off with DI water after 1 h of reaction, and the current changes were measured using amperometry with a 20 mM K3Fe(CN)6/K4Fe(CN)6 solution.





3. Results and Discussion


3.1. FESEM Image and EDX Mapping


FESEM images of Au, Au/ZnPP, and Au/ZnPP/Avastin electrodes and EDX mappings of zinc atoms on Au/ZnPP and Au/ZnPP/Avastin electrodes are shown in Figure 2. The surface of the Au electrode was found to be flat and uniform, with obvious crystal boundaries (Figure 2a). Modification of ZnPP in the Au/ZnPP electrode resulted in an increased roughness of the electrode surface with holes of different sizes; this phenomenon may have been caused by THF volatilization when the ZnPP/THF solution was vacuum-dried into a film (Figure 2b). When the Au/ZnPP electrode was bound with Avastin, the aggregated structure appeared more evident on the Au/ZnPP/Avastin electrode surface. This may occur as a result of Avastin having keys knotted on the Au/ZnPP electrode surface. On comparing the content of Zn atoms on electrode surfaces, we found that the Zn content of the Au/ZnPP/Avastin electrode was lower than that observed for the Au/ZnPP electrode (Figure 2d–f). This observation can be explained by the presence of Avastin on the Au/ZnPP electrode surface, which may hamper the detection of Zn content. The roughness and Zn content of the electrode surface point to the presence of a successful key knot of Avastin on the Au/ZnPP/Avastin electrode.




3.2. UV/Vis Near-IR and PL Spectroscopy FESEM Image


Figure 3 shows the UV/Vis near-IR spectra of the ZnPP/NMP solution (color: dark fuchsia). From Figure 3a,b, it can be seen that ZnPP/NMP has three main peaks at 423, 549, and 589 nm. The strong peak at 423 nm corresponds to the strong absorption peaks of the π-π* transition from the protoporphyrin structure of ZnPP (also known as B-band or Soret band). The remaining two peaks at 549 and 589 nm correspond to the transition of electrons between nitrogen atoms and zinc ions in the protoporphyrin structure (also known as Q-band) [27]. The absorption peaks of the ZnPP solid films are located at 416, and 557 and 599 nm [27]. On comparing the energy transition of the ZnPP/NMP solution with that of the ZnPP solid film, the B-band of the ZnPP solid film shifted from 423 to 416 nm, which was due to the occasional disappearance of the NMP polar solvent. This resulted in an increase in the energy required by the π–π* transition and in a decreased wavelength of the blue shift for the B-band. In addition, the Q-band characteristic peak of the ZnPP solid film is broader than that of the liquid, increasing from 549 and 589 nm to 557 and 599 nm, respectively (corresponding to red shifts of 8 and 10 nm, respectively). This is caused by an increased coplanarity of protoporphyrin molecules after NMP vaporization from the ZnPP/NMP solution. In turn, this makes the electron transitions between nitrogen atoms and zinc ions in the ZnPP solid film occur with longer wavelengths (lower energy) [28]. In Figure 3c, two emission fluorescence peaks can be observed at 593 and 642 nm; this indicates that when the ZnPP/NMP solution is excited by 430 nm light, it emits fluorescence at 593 and 642 nm, respectively. Collectively, these findings demonstrate that the ZnPP/NMP solution has a significant light sensitivity [28].




3.3. FTIR Spectroscopy


Heme is a derivative of porphyrin which consists of iron ions surrounded by porphyrin rings. Hemoglobin, which consists of several hemes and amino acids, carries oxygen using the high adhesion of central iron ions and oxygen, while iron ions can also be combined to amino acids, such as histidine and cysteine [29]. To verify the relationship between ZnPP and biomolecules of the same porphyrin derivative, FTIR was used to determine the changes in the characteristic functional groups after the reaction of cysteine and ZnPP (ZnPP/cys). Figure 4 shows the FTIR spectra of cysteine, ZnPP, and ZnPP/cys. In Figure 4a, the characteristic peaks of cysteine can be observed at 3469 (O–H stretching vibration), 3176 (N–H stretching vibration), 2980 (mixed asymmetric and symmetric stretching vibration of –CH2–), 2551 (S–H stretching vibration), 2086 (N–H stretching vibration of –NH3+), 1600 (mixed C=O stretching vibration and N–H bending vibration), and 638 cm−1 (C–S stretching vibration) [12,13]. In Figure 4b, the characteristic peaks of ZnPP can be observed at 3433 (O–H stretching vibration), 2914 (asymmetric stretching vibration of –CH2–), 2858 (symmetric stretching vibration of –CH2–), 2360 (C=O stretching vibration of absorbed CO2), and 1701 cm−1 (C=O stretching vibration of –COOH) [30,31]. In Figure 4c, the main characteristic peaks of ZnPP/cys can be observed at 3444 (O–H stretching vibration), 3030 (mixed N–H stretching vibration and asymmetric/symmetric stretching vibration of –CH2–), 2586 (S–H stretching vibration), 2094 (N–H stretching vibration of –NH3+), 1714 (C=O stretching vibration of –COOH), 1585 (mixed C=O stretching vibration and N–H bending vibration), and 615 cm−1 (C–S stretching vibration) [30,31]. By comparing the FTIR absorption spectra of ZnPP/cys and ZnPP, the N–H stretching vibration shifts from 3176 cm−1 in cysteine toward a lower wavenumber of 3030 cm−1 in ZnPP/cys (mixed with the asymmetric and symmetric stretching vibration of –CH2–), which is due to the formation of hydrogen bonds between the N–H stretching vibrations of cysteine and the –COOH of ZnPP. This is confirmed by the fact that the wavenumber of the C=O stretching vibration (1714 cm−1) of ZnPP/cys is higher than that of ZnPP (1701 cm−1), and the wavenumber of the N–H stretching vibration of –NH3+ (2094 cm−1) of ZnPP/cys is higher than that of cysteine (2086 cm−1) [31,32]. Moreover, the wavenumber of the S–H stretching vibration (2586 cm−1) of ZnPP/cys is higher than that of cysteine (2551 cm−1), and the wavenumber of C–S stretching vibration (615 cm−1) of ZnPP/cys is lower than that of cysteine (638 cm−1); this is due to the interaction between the Zn+2 of ZnPP and the S atom of cysteine, which prevents the S–H stretching vibration and lowers its vibration energy [31,32]. From the above results, it is evident that ZnPP can self-assemble with cysteine perfectly.




3.4. Electrochemical Phenomena of Au/ZnPP Electrodes with and without Light Treatment


The results reported in Figure 3 indicate that ZnPP can be stimulated by light and can induce an electron transition. Therefore, it is interesting to study and compare the electrochemical phenomena of Au/ZnPP electrodes with and without light treatment. The electrochemical performances of the Au/ZnPP electrodes (w/LT and w/o LT) were determined by CV and amperometry, and the results are shown in Figure 5. From Figure 5a, it is shown that the current of the w/o LT and w/LT electrodes stabilize at 910 and 990 μA (red line), respectively. Similar results were obtained by amperometry, as shown in Figure 5b. The current of both w/o LT and w/LT Au electrodes is approximately 65–75 μA (black line), while that of the Au/ZnPP electrode increases from 52 to 100 μA (blue line) in 500 s. When the light source is turned off, the current of the Au/ZnPP electrode decreases from 100 to 80 μA in 300 s, indicating that the Au/ZnPP electrode is significantly affected by light. This is because when ZnPP is stimulated by light, electrons transfer between ZnPP and the electrodes, which in turn produces optical currents [33,34,35].




3.5. Contact Angles and Avastin Immobilization


The average contact angles (n = 9) of the Au/ZnPP (w/o LT), Au/ZnPP/Avastin (w/o LT), and Au/ZnPP/Avastin (w/LT) electrodes were 72.0°, 67.7°, and 51.5°, respectively, as shown in Figure 6. Figure 6 reveals that the surface of the Au/ZnPP electrode (w/o LT) has the worst hydrophilicity (Figure 6a), followed, in order, by the Au/ZnPP/Avastin electrode (w/o LT) (Figure 6b) and the Au/ZnPP/Avastin electrode (w/LT) (Figure 6c). This is due to the hydrophobicity of ZnPP and Avastin. When Avastin is bonded to the surface of the Au/ZnPP electrode, the contact angle becomes smaller. Meanwhile, the hydrophobicity of the Au/ZnPP/Avastin electrode (w/o LT) can be further decreased by light treatment, indicating that ZnPP stimulated by light can generate electron transfer and interaction between ZnPP and Avastin, which further increases the hydrophilicity of Avastin.



Coomassie blue (g250) is a dye that easily reacts with arginyl and lysyl residues [36,37,38]. The Bradford method involves reacting g250 with proteins to induce strong signal properties at 595 nm for protein quantification. To verify that the Au/ZnPP electrode interacts with protein molecules, 0.136 mg/mL of BSA protein droplets was placed on the Au/ZnPP electrodes (w/LT and w/o LT) for 2, 5, and 20 min. Then, the BSA liquid was collected, and its optical density was measured by ELISA. Figure 7 shows that the concentration and optical density (OD) of BSA under light treatment decrease gradually as the reaction time with Au/ZnPP increase, which indicates that the BSA key is complementary to ZnPP, proving that there is an interaction between ZnPP and BSA. After 20 min of reaction, the concentration of BSA with light treatment is markedly lower than that without light treatment, which proves that exposure to light increases the bonding between the Au/ZnPP electrodes and protein molecules.



To confirm the expected increase in the responsiveness of the Au/ZnPP electrode to Avastin under 1200 lm white light exposure, 31.25 μg/mL of Avastin droplets was added to the Au/ZnPP electrodes (w/LT and w/o LT) for 10 min and to another Au/ZnPP electrode (w/o LT) for 1.5 h. Data were collected using amperometry. Figure 8 shows the differences in current between the Au/ZnPP/Avastin and Au/ZnPP electrodes (w/o LT) and between the Au/ZnPP/Avastin and Au/ZnPP electrodes (w/LT). After a reaction time of 10 min, the current drop in the w/o LT electrodes is 26.3 μA (Figure 8a), which is much larger than that in the w/o LT electrodes (4 μA, see Figure 8b). Even after a reaction time of 1.5 h without light exposure, the current drop is only 7 μA (Figure 8c). According to Ohm’s law, the drop in current is positively correlated to the increase in resistance. Under the current experimental conditions, this reflects an increase in the concentration of Avastin bound to the Au/ZnPP electrode (w/LT). Collectively, these results indicated that exposure to light with a luminous flux of 1200 lm significantly increased the reactivity of Au/ZnPP with Avastin.




3.6. VEGF Detection and Reproducibility, Stability, and Specificity Tests


Figure 9 shows the results of the sensitivity to VEGF of the Au/ZnPP/Avastin/BSA electrodes. VEGF detection by amperometry was conducted using Au/ZnPP/Avastin/BSA electrodes (w/LT and w/o LT). The Au/ZnPP/Avastin/BSA electrode (w/LT) had a linear concentration range and sensitivity of 0.1 pg/mL to 10 ng/mL and 6.52 μA/Log(pg/mL)-cm2, respectively. The Au/ZnPP/Avastin/BSA electrode (w/o LT) had a linear concentration range and sensitivity of 10 pg/mL to 10 ng/mL and 3.15 μA/Log(pg/mL)-cm2, respectively. The results reported in Figure 8 indicate that the Au/ZnPP electrodes (w/LT) have better efficiency and shorter reaction times when immobilizing Avastin, resulting in a higher antibody bond density on the surface of the Au/ZnPP/Avastin electrode and a wider range for detecting VEGF. Previous studies showed that the cut-off levels of VEGF in the serums of colorectal cancer (Figure 9, orange dotted line), liver cancer (hepatocellular carcinoma) (Figure 9, purple dotted line), and breast cancer (Figure 9, blue dotted line) patients are 459.0, 271.9, and 70.3 pg/mL, respectively [5,39,40]. The Au/ZnPP/Avastin/BSA electrodes developed in this study can detect VEGF concentrations in both healthy and cancer patients. To investigate the reproducibility and the stability of the proposed sensor, the Au/ZnPP/Avastin/BSA electrode (w/LT) was maintained at 4 and 20 °C for different time periods (i.e., 0, 8, 16, 24, 48, and 64 h). The current for each electrode was measured three times (n = 3) by amperometry, and three electrodes were used for all experiments. The results are summarized in Table 1. The relative standard deviations (RSDs) for electrodes stored at 4 °C for 8, 16, 24, 48, and 64 h were 6.88, 7.16, 13.16, 8.81, and 14.49, respectively. The RSDs for electrodes stored at 20 °C for 8, 16, 24, 48, and 64 h were 1.00, 0.97, 3.74, 3.89, and 3.89, respectively. Compared with the current initially measured from the electrode (0 h), the mean current was found to initially increase. However, it subsequently decreased in parallel with increasing time periods at both 4 and 20 °C. The calculations of RSD and p values revealed that the mean currents of Au/ZnPP/Avastin/BSA electrodes obtained at different time points at 4 °C were similar to the initial value; however, RSDs were larger when the electrodes were stored at 20 °C. These observations can be explained by the maintenance of the original stereoscopic protein structure at 4 °C—resulting in a current similar to that initially observed. However, when the temperature is increased over 4 °C, the electrode may trap water molecules from the air to form small droplets, ultimately leading to larger current variations. The Au/ZnPP/Avastin/BSA electrodes stored at 20 °C had a mean RSD of 2.70% (<5%) and a p value of 0.14 (>0.05). Taken together, these results indicated that the Au/ZnPP/Avastin/BSA electrode (w/LT) had a very good reproducibility and stability [41,42].



The specificity test of the Au/ZnPP/Avastin/BSA electrode is shown in Figure 10. The results indicated that the electrode has an excellent specificity for VEGF but not other serum components—including HSA, IgG, and creatinine (p < 0.03), which are commonly found in human serum and urine. We also investigated the selectivity of the Au/ZnPP/Avastin/BSA electrode for the detection of VEGF thought the addition of a mix consisting of human serum albumin and human IgG. The mix had a limited effect on the current (p = 0.08), ultimately suggesting that it was unable to significantly affect VEGF detection. Collectively, these results indicated an excellent selectivity of the Au/ZnPP/Avastin/BSA electrode (w/LT) for VEGF.





4. Conclusions


In this work, two Au/ZnPP/Avastin/BSA electrodes (w/LT and w/o LT) were developed as VEGF electrochemical sensors. The linear range to VEGF detection of the Au/ZnPP/Avastin/BSA electrodes (w/LT) was 0.1 pg/mL–10 ng/mL, while that of Au/ZnPP/Avastin/BSA electrodes (w/o LT) was 10 pg/mL–10 ng/mL. The sensitivity of the Au/ZnPP/Avastin/BSA electrode (w/LT) was 6.52 μA/log(pg/mL)-cm2, which is higher than that of the w/o LT electrode (3.15 μA/log(pg/mL)-cm2). The Au/ZnPP/Avastin/BSA (w/LT) has good specificity for VEGF, which is hardly influenced by the presence of other molecules, indicating that it has the potential to be applied for in vitro detection of breast cancer, hepatocellular carcinoma, and/or colorectal cancer.
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Figure 1. Schematic of Au/ZnPP/Avastin/bovine serum protein (BSA) with or without light treatment (w/LT and w/o LT) electrode preparation process. 
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Figure 2. Images of the (a) Au electrode, (b) Au/ZnPP electrode, (c) Au/ZnPP/Avastin electrode and the energy-dispersive X-ray spectroscopy (EDX) mappings of zinc atom on (d) Au/ZnPP electrode, and (e) Au/ZnPP/Avastin electrode. Percentage of zinc atoms on the Au/ZnPP and Au/ZnPP/Avastin electrodes (f). The field-emission scanning electron microscopy (FESEM) and EDX scales are 5000×. 
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Figure 3. Ultraviolet/visible (UV/Vis) near- infrared (IR) spectra of (a) 156 ng/mL ZnPP/NMP solution and (b) ZnPP solid film; (c) photoluminescence (PL) spectrum of 2.43 ng/mL ZnPP/NMP solution. 
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Figure 4. Fourier-transform IR (FTIR) spectra of (a) cysteine, (b) ZnPP, and (c) ZnPP/cys. 
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Figure 5. (a) Cyclic voltammetry (CV) spectra of Au/ZnPP electrodes without light exposure (black line) and with light exposure (red line). (b) Current-time diagram of Au (black lines) and Au/ZnPP electrodes (blue lines) following light treatment. 
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Figure 6. Contact angle of (a) Au/ZnPP electrode (w/o LT) and (b) Au/ZnPP/Avastin electrode (w/o LT), which were kept under dark conditions for 10 min, and (c) Au/ZnPP/Avastin electrode (w/LT), which was exposed to white light of 1200 lm for 10 min. Bars indicate the mean contact angle values (n = 9). 
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Figure 7. (a) Absorption spectra of BSA during reaction with Coomassie blue (g250) in a liquid medium. BSA was obtained from the reaction with Au/ZnPP electrodes w/LT for 2 (green line), 5 (blue line), and 20 min (light blue line); w/o LT for 20 min (pink line), BSA (red line), and DI water (black line). (b) Optical density (OD) of BSA from (a) at an absorption wavelength of 595 nm. 
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Figure 8. Difference in current between Au/ZnPP and Au/ZnPP/Avastin electrodes (a) w/LT reaction for 10 min, (b) w/o LT reaction for 10 min, and (c) w/o LT reaction for 1.5 h. 
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Figure 9. VEGF detection by amperometry using Au/ZnPP/Avastin/BSA electrodes (a) (w/LT) and (b) (w/o LT) in a 20 mM K4Fe(CN)6/K3Fe(CN)6 solution. The blue, purple, and orange dotted lines are cut-off levels for breast [5], liver [39], and colorectal cancers [40], respectively. 
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Figure 10. Results of specificity test of Au/ZnPP/Avastin/BSA electrode (w/LT) (n = 3). The blue, purple, and orange dotted lines indicate the cut-off levels for breast [5], liver [39], and colorectal cancers [40], respectively. 






Figure 10. Results of specificity test of Au/ZnPP/Avastin/BSA electrode (w/LT) (n = 3). The blue, purple, and orange dotted lines indicate the cut-off levels for breast [5], liver [39], and colorectal cancers [40], respectively.



[image: Chemosensors 09 00021 g010]







[image: Table] 





Table 1. Statistical analysis of stability test (n = 3).
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Temperature

(°C)

	
Time

(h)

	
Mean

(%)

	
Standard Deviation

(%)

	
RSD a

(%)

	
p Value b






	
4

	
0

	
100.00

	

	

	




	
8

	
105.07

	
7.23

	
6.88

	
0.43




	
16

	
101.29

	
7.26

	
7.16

	
0.82




	
24

	
97.71

	
12.86

	
13.16

	
0.82




	
48

	
95.65

	
8.43

	
8.81

	
0.54




	
64

	
94.57

	
13.70

	
14.49

	
0.63




	
20

	
0

	
100.00

	

	

	




	
8

	
110.25

	
1.12

	
1.00

	
0.07




	
16

	
102.64

	
1.01

	
0.97

	
0.07




	
24

	
105.52

	
3.95

	
3.74

	
0.19




	
48

	
94.92

	
3.69

	
3.89

	
0.19




	
64

	
94.92

	
3.69

	
3.89

	
0.19








a RSD (relative standard deviation) = standard deviation/mean × 100%. b p-value = independent-sample t test with unequal variances (compared to 0 h).
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