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Abstract

:

Silicon photonic devices with either silicon or silicon nitride waveguides have increasingly been used in many applications besides communications, especially as sensors in label-free biosensing, where guided light signals are affected by biorecognition molecules immobilized on the surface. The coating of protein (i.e., bioreceptors) by biochemical process on the waveguide surface is a crucial step in creating a functionalized device that can be used for biosensing. As a conventional method that uses 3-aminopropryltriethoxysilane (APTES) and glutaraldehyde (GA), the APTES-GA method has the limitation of using a GA crosslink, of which the two functional groups can bind to nonspecific proteins, causing irregular binding. In this study, we proposed a new coating technique to avoid such problem by applying APTES silanization with 1-ethyl-3-(3-dimethyl aminopropyl)-carbodiimide (EDC)-N-hydroxysuccinimide (NHS) protein crosslink, denoted by the APTES-(EDC/NHS) method. The EDC/NHS reaction was shown to be able to immobilize protein in ordered orientation due to consistent arrangement between a carboxylic group of protein molecules and an amine group of covalent-linked APTES on surface. By applying APTES silanization, we circumvented the use of hazardous cleaning agent in the conventional EDC/NHS technique. Several surface characterization techniques were carried out to assess and compare the two biocoating techniques, including scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), spectroscopic ellipsometry (SE), and atomic force microscopy (AFM). On silicon, the results of antihuman TNF-alpha antibody coating showed that the proposed APTES-(EDC/NHS) technique has better repeatability in terms of less roughness of the coated protein at 1.5 nm compared with 6.3 nm, due to the ordered arrangement of coated antibody molecules. On a silicon nitride waveguide device, the proposed APTES-(EDC/NHS) technique exhibits dense antibody immobilization on a waveguide in SEM images due to stable amide bond formation via EDC/NHS crosslink mechanism. The specificity of the immobilized antibodies was confirmed by enzyme-linked immunosorbent assays (ELISA), with an average optical density at 450 nm of 0.175 ± 0.01 compared with 0.064 ± 0.009 of negative control. The proposed technique also reduced the overall process time since proteins are crosslinked to the silanized waveguide surface in a single step.
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1. Introduction


In recent years, advances in compact biosensor and chemical sensor technologies, artificial intelligence, and the Internet of Things have led to the growth of personalized health monitoring and diagnosis. For instance, high-performance “wearable sensors” have been developed and increasingly utilized in health monitoring such as blood monitoring, pH sensors, and sweat glucose analysis [1,2,3,4]. In addition, wearable silicon photonic based devices are now used in physical sensing, chemical/gas sensing, and glucose and real-time pH monitoring [5,6,7,8]. Silicon photonic resonator-based devices using either silicon (Si) or silicon nitride (Si3N4) waveguides can also be applied in point-of-care testing, enabling timely diagnosis and patient care [9,10].



Silicon photonic resonator-based devices rely on the resonant property of light signal transmission. The resonant wavelength shift of light through the resonator is responsive to the effective refractive index change that occurs through biomaterial binding on the waveguide surface, such as antibody–antigen [11,12,13] or enzyme–substrate [14,15]. Therefore, the coating of a bioreceptor—such as an antibody or enzyme—on silicon is the essential stage where a high density of protein molecules must be immobilized onto silicon surface uniformly. The quality and physical properties of such coating have a direct effect on the sensitivity and accuracy of the measurement [16,17,18]. Generally, several steps are required in protein coating by a biochemical process, including device cleaning, silanization, and bioreceptor crosslinking. Silanization is the process where an aminosilane is used to create a chemical functional group of Si that is able to react with the functional group of bioreceptors. The organosilane reagent 3-aminopropyltriethoxysilane (APTES) is widely used in silanization where it reacts with the −OH group on the silicon surface and leaves its amino group (–NH2) available to react with a crosslink [16,19,20,21,22,23,24,25,26,27]. However, the uniformity and repeatability of APTES layer has been difficult to control since APTES can attach the silicon surface in a different position [28]. Polyethylene glycol (PEG) is another popular alternative because it is able to react with -OH directly on the silicon surface due to the presence of alkylthiol groups such as (HS–C11–(EG)4–OH) and (HS–C11–(EG)6–COOH). PEG can also bind to the primary amine (–NH2) of APTES after silanization [29]. The advantages of PEG are hydrophobicity and specificity to the crosslink functional group to reduce the occurrence of irregular binding in the system. However, it is also difficult to control the coated thickness of PEG due to its large molecular size. APTES silanization on silicon requires an additional crosslink agent to connect with the bioreceptor protein molecules. The most common crosslinker is glutaraldehyde (GA) [13,30], the structure of which consists of the two arms of aldehydes (–CHO) groups, which can react well with the amino groups of proteins. Due to the nonspecific binding sites of the two arms, this can potentially cause an undesired mesh structure between the proteins.



Another silanization and crosslinking system is 1-Ethyl-3-(3-dimethyl aminopropyl)-carbodiimide (EDC) in combination with N-hydroxysuccinimide (NHS) [31,32]. EDC specifically binds to carboxyl (–COOH) groups of protein, and it can react accurately with NHS to crosslink proteins, which can reduce the occurrence of irregular binding in the system. When NHS reacts with EDC, its form becomes active to bind specific primary amine (–NH2) of functional proteins. Therefore, regular binding in C-terminal to N-terminal on the surface can be assured [33]. However, to bind EDC onto the silicon surface, additional steps are required, as well as the use of harmful substances such as hydrogen fluoride (HF). A comparison of different techniques are summarized in Table 1.



The aim of this study is to develop a suitable protein coating technique for silicon photonic biosensor devices, in which repeatability, uniformity, and sensitivity are especially needed. We propose a rapid bioreceptor protein coating technique on Si and Si3N4 by combining APTES-based silanization with EDC/NHS for the first time. Experiments are carried out to compare the proposed APTEST-(EDC/NHS) technique with the conventional APTES-GA technique. The results of surface morphology measurements and element composition analysis are obtained using scanning electron microscopes (SEM), energy-dispersive X-ray spectroscopy (EDS), spectroscopic ellipsometry (SE), and atomic force microscope (AFM). Using the proposed technique, we can avoid the disadvantage of using a GA crosslink and concurrently eliminate the HF cleaning process in a conventional EDC/NHS system. Therefore, both benefits of APTES silanization and the specificity of EDS/NHS may be obtained. In this proposed technique, the silanized surface is crosslinked with NHS, which is attached to functional proteins beforehand, thus enabling a simplified and rapid process. In addition, to confirm the presence of an immobilized bioreceptor protein on Si and Si3N4 surfaces, ELISA experiments are carried out using an antihuman TNF-alpha coating to represent the antibody–antigen system. Glucose oxidase (GOx) enzyme coating experiments are also carried out to represent the enzyme–substrate system.




2. Differences of APTES-GA, EDC-NHS and the Proposed APTES-(EDC/NHS) Coating Systems


2.1. Conventional APTES-GA and EDC-NHS Coating Techniques


Figure 1 describes the steps in the conventional APTES-GA method, which is based on the condensation between the siloxanes of the organosilane and hydroxyl groups that present on the surface. The device surface must firstly be cleaned with a Piranha solution treatment to produce hydroxyl groups (–OH) on Si (or Si3N4) by a hydroxylation process. Hydroxyl groups (–OH) are used by the silanization step by the hydrolysis of ethoxy (–C 2H 5) groups from APTES, leading to the formation of silanols (Si–OH). APTES silanols can condense with surface silanols and express amine groups, which can further crosslink with a bioreceptor protein (e.g., antibody) using a GA linker [11,12,13,14,15,16,17,18,19]. There is a potential issue with crosslinking by GA since both functional groups (aldehydes) of GA molecules are identical, and nonspecific to proteins. Therefore, irregular binding may occur. For example, both aldehydes of some GA molecules may bind with APTES, thereby preventing the desired protein crosslink.



Figure 2 shows the conventional (EDC/NHS) method, based on the coupling reaction between EDC and carboxyl (–COOH) groups on the modified Si (or Si3N4) device surface. Firstly, the surface must be free of oxide by cleaning it with a HF solution, leading to an atomically hydrogenated surface (SiH). Then, it is modified with acid (acrylic acid) to produce carboxyl (–COOH) groups or an acid-terminated silicon surface (Si–COOH), which can be coupled with the reactive O-acylisourea functional group of EDC. Subsequently, NHS is used to crosslink with a bioreceptor protein [41,42,43]. The EDC/NHS technique does not have the irregular binding issue as in the APTES-GA method since the reaction sites of EDC/NHS are unique. However, the step to produce a hydrogenated surface requires hazardous HF acid, which is not suitable for our laboratory.




2.2. The Proposed APTES-(EDC/NHS) Coating Technique


We propose an APTES-(EDC/NHS) coating technique to combine APTES silanization with the modified EDC/NHS crosslinking as shown in Figure 3. Firstly, the silicon surface was treated with Piranha solution using the chemical reaction between sulfuric acid (H2SO4) and ≈30% hydrogen peroxide (H2O2). This produced Caro’s acid (H2SO5), which can cause dissociation and generate a hydroxyl radical (OH*) to produce hydroxyl groups (–OH) by a hydroxylation process. Then, APTES silanization was performed to prepare primary amine on the surface. Contrary to the conventional EDC/NHS technique in Figure 2, we prepared a premixed protein with EDC and NHS in an activation buffer (0.1 M MES, 0.5 M NaCl, pH 6.0), thus the process was greatly simplified as in Figure 3. This step resulted in carboxyl (–COOH) groups on the bioreceptor protein that is active to EDC and formed an amine-reactive O-acylisourea intermediate that can conjugate with NHS for stabilization and release an iso-urea by-product. Finally, when applying the premixed protein to an APTES silanized surface, NHS changes itself to be a substance that is active to the primary amine (–NH2) of APTES on silicon, resulting in an amide bond.





3. Materials and Methods


Experiments were carried out to compare the conventional APTES-GA biocoating technique with the proposed combined APTES with the modified EDC/NHS coating technique (to be called APTES-(EDC/NHS)). Concentrations of chemical and reagents, the incubation time, and temperature were the same as in other references [30,31,46,47,48], except where the coating antibody concentration are varied (in Section 4.3).



3.1. Chemicals and Reagents


All chemical and reagents were of analytical grade and were used without further purification. Deionized (DI) water were used throughout. Chemicals in the cleaning and silanization were a phosphate buffer solution (PBS, Sigma-Aldrich, Queenstown, Singapore) and 3-aminopropryltriethoxysilane (APTES, Sigma-Aldrich, Queenstown, Singapore), while 30% hydrogen peroxide (H2O2 [49]) and ethanol (Merck Ltd., Queenstown, Singapore) were used to prepare a Piranha solution for the cleaning step. In addition, 4-amino antipyrine for GOx enzyme activity measurement, bovine serum albumin (BSA), and Tween 20 were obtained from Sigma-Aldrich (St. Louis, MO, USA). Glutaraldehyde (GA, Thermo Scientific Ltd., New York, NY, USA) was used only in the APTES-GA technique. In the APTES-(EDC/NHS) coating technique, additional chemicals were N-ethyl-N’-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC, Sigma-Aldrich, Queenstown, Singapore) and N-hydroxysuccinimide (NHS, Sigma-Aldrich, Queenstown, Singapore), while 2-(N-morpholino) ethanesulfonic acid (MES, Sigma-Aldrich, Singapore) solution was used as an activation buffer. The bioreceptor proteins and detected analytes were the antihuman TNF-alpha, TNF-alpha (Human TNF alpha Uncoated ELISA, Invitrogen, Woodlands, Singapore), and glucose oxidase enzyme (GOx, Sigma-Aldrich, Queenstown, Singapore). Coating experiments were performed on two types of samples: (i) the device-grade (100) silicon wafer (cut into chips of roughly 5 × 5 mm2) and (ii) chips with silicon and silicon nitride waveguide devices. The silicon wafer had the same surface orientation as those used to fabricate silicon photonic biosensors.




3.2. Procedure for Protein Coating


3.2.1. Cleaning and Silanization


The same cleaning and silanization steps were applied in both the APTES-GA and the APTES-(EDC/NHS) techniques, as summarized in this section. The silicon surface was cleaned with acetone for 10 min at room temperature. Then, it was cleaned with methanol for 5 min at room temperature and thoroughly rinsed with DI water and dried with nitrogen gas. To remove the organic compound on Si or Si3N4 surfaces, the chips were cleaned with Piranha solution (H2SO4:H2O2 = 3:1) by immersing them in the solution for 30 min, then thoroughly rinsed with DI water and dried with nitrogen gas. In the silanization stage, the hydroxylated silicon surface was immersed in APTES solution (2% APTES in 95% ethanol) for 1 h at 68 °C, then rinsed thoroughly with DI water and dried with nitrogen gas.




3.2.2. APTES-GA Coating Procedure


This is the conventional procedure that is compared with the proposed technique. Firstly, the silanized silicon devices were coupled with 2.5% GA for 45 min at room temperature and rinsed with DI water and dried with nitrogen gas. Secondly, the functionalized APTES-GA was incubated with bioreceptor proteins. Two functional proteins, i.e., antibody and enzyme, were demonstrated as model systems. Either antihuman TNF-alpha antibody solution in dilution 1:250 (also other dilutions in Section 4.3) in PBS (denoted by Ab-TNF-alpha) or 100 U/mL glucose oxidase enzyme (denoted by GOx) was added and incubated for 2 h at room temperature, then thoroughly rinsed with DI water and dried with nitrogen gas. The idle time between consecutive steps was under 150 min, while the samples were kept in PBS.




3.2.3. The Proposed APTES-(EDC/NHS) Coating Procedure


In this technique, a solution of bioreceptor protein conjugated with EDC and NHS was prepared before being applied onto the silanized silicon in a single step. Each protein was conjugated with 0.7 mg/mL of EDC and 0.6 mg/mL of NHS in the activation buffer (0.1 M MES, 0.5 M NaCl, pH 6.0) for 15 min at room temperature (premixing). Then, the silanized silicon was immersed in the prepared EDC-NHS-protein solution for 2 h at room temperature and thoroughly rinsed with DI water and dried with nitrogen gas. The bioreceptor protein was either an antihuman TNF-alpha antibody solution in dilution 1:250 (also other dilutions in Section 4.3) in PBS or 100 U/mL glucose oxidase enzyme as in the previous technique. The APTES-(EDC/NHS) coating process is summarized in Figure 4.





3.3. Measurements of Coating Effectiveness


Several measurements were performed to assess and compare the two biocoating techniques, which are categorized into 3 groups: surface morphology measurements, element composition analysis, and bioreaction measurement.



3.3.1. Surface Morphology Measurements


Images of the protein-coated silicon surface were taken using scanning electron microscopes (SEM). All samples were dried and coated with gold before scanning with JCM-7000 field-emission scanning electron microscope (JEOL Ltd., Tokyo, Japan).



The thickness of coating layers was measured by spectroscopic ellipsometry (Sopra GES 5, Semilab USA LLC., Billerica, MA, USA) after each step of surface modification and biofunctionalization. Ellipsometry is an optical technique for determining dielectric properties, complex refractive index or dielectric function, of thin films. Ellipsometry measures the polarization changes from reflections or transmissions and compares them with models [50]. All measurements were performed at an incidence angle of 74° and with varying wavelengths between 210 and 920 nm. The data were processed using Winelli software. The ellipsometric parameters were estimated using dispersion law fitting (Cauchy Law) [50,51]. The best fit for the experimental data and for the theoretical model was obtained with a refractive index of 1.42. The extinction coefficient was set to 0 and 0.01 for silane (APTES silanized) and glutaraldehyde (GA), respectively [52]. For the antibody layer and EDC/NHS, the best fit was obtained for a refractive index of 1.45 [53,54,55] and an extinction coefficient of 0. Five measurements were taken for each sample at different locations to obtain the mean and the standard deviation values.



Surface morphology was measured to study the biocoated surface roughness using an atomic force microscope (AFM), XE 70 model (Park system, Suwon, Korea) in contact mode with NCS36 cantilevers, with a tip apex radius of curvature under 10 nm, a scan rate of 1 Hz, and scan area 2 × 2 μm2 [49].




3.3.2. Surface Element Composition


Energy-dispersive X-ray spectroscopy (EDS) measurements were performed coupled with SEM imaging to analyze the element composition on the surface of the coated silicon based on their emitted elemental characteristic X-ray.




3.3.3. Bioreaction Measurements


In addition to surface morphology and spectroscopy measurements, the specificity of coated bioreceptor on the silicon surface was obtained by the measurements of reaction between the coated receptor protein and its target analyte. Two experiments were performed: ELISA for the coated TNF-alpha antibody and an enzyme activity measurement for the coated GOx enzyme. Changes in absorption due to the reaction were measured using a visible spectrophotometer.



The procedure for ELISA detection of TNF-alpha was modified from previous reports [56,57,58]. The antihuman TNF-alpha antibody coated samples and negative controls were placed into a 96-well plate. The procedure consisted of the following steps, and before each step, the samples were washed with a 200 μL/well wash buffer (0.05% Tween 20 in PBS) with a microplate shaker for 5 times to remove excess Ab or other molecules. Firstly, a blocking step was required to block nonspecific binding and reduce the background. An aliquot of 200 μL assay diluent was added per well and left for incubation at room temperature (RT) for 1 h while shaking. Secondly, an aliquot of 100 µL of the TNF-alpha recognition molecule was added per well and incubated for 90 min at RT while shaking. Then, an aliquot of 100 µL of the biotin-conjugated antihuman TNF-alpha antibody was added per well and incubated for 1 h at RT while shaking. After this, an aliquot of 100 μL of avidin-HRP solution was added to each well, incubated for 30 min at RT while shaking. Finally, an aliquot of 100 μL of TMB substrate solution was added and incubated for 15–30 min in the dark or until the desired color developed. The reaction was stopped by adding 100 μL of stop solution (2N H2SO4). The absorbance was measured at 450 nm and subtracted with absorbance at 570 nm within 30 min.



The procedure for GOx enzyme activity measurement was modified from previous reports [59,60]. It consists of the following steps. The GOx coated silicon samples and uncoated silicon samples (negative control) were incubated by being immersed in 500 µL of 10 mg/mL glucose solution for 1 h and 24 h. An aliquot of 2 µL of incubated solution was mixed with 200 µL of H2O2 measurement reagent (peroxidase enzyme in 1.6 mM 4-aminoantipyrine with 22 mM phenol solution) and incubated for 10 min at RT. The activity was measured by the absorbance at 490 nm at incubation time 1 h and 24 h.






4. Results and Discussions


4.1. Biocoating of Silicon Wafer (Nondevice)


Surface Morphology Measurement



The SEM images show that the APTES and APTES-GA layers were distributed on the silicon surface (Figure 5b,c). The final Ab-TNF-alpha protein films were observed on the surface using both conventional (APTES-GA) and the proposed (APTES-(EDC/NHS)) coating techniques, as shown in Figure 6a,b, respectively. It was found that the quantity of aggregated particles in the APTES-GA technique was greater than those in the APTES-(EDC/NHS) technique. This result indicates that the APTES-GA method has a strong crosslink between the proteins from the aggressive aldehyde functional group of GA. Similar SEM images of GOx coating using APTES-GA and APTES-(EDC/NHS) techniques are shown in Figure 7a,b, respectively. The surface of the APTES-(EDC/NHS) technique appeared to be smoother compared with that of the APTES-GA technique.



The spectroscopic ellipsometer was used to measure the thickness to compare the increased average thickness after each stage of coating (see Supplementary Materials, Figures S1–S3). In the conventional APTES-GA technique, we measured the increased thickness at four stages: (i) initial SiO2 layer due to Si surface oxidization of the sample, (ii) APTES layer, (iii) APTES-GA layers, and (iv) APTES-GA-protein layers. On the other hand, in the proposed APTES-(EDC/NHS) technique, we measured the increased thickness at three stages: (i) initial SiO2 layer due to Si surface oxidization of the sample, (ii) APTES layer, and (iii) APTES-(EDC/NHS)-protein layers, which was the final stage after the premixed EDC/NHS-protein solution had been applied. The protein was either anti-TNF-alpha Ab or GOx enzyme.



The thickness results are presented in Figure 8 and Figure 9. The results show that for anti-TNF-alpha coating using the APTES-GA and APTES-(EDC/NHS) techniques, the overall thickness values were 10.8 nm and 8.6 nm, respectively. For the GOx coating using the APTES-GA and APTES-(EDC/NHS) techniques, the overall thickness values were 10.12 nm and 9.2 nm, respectively.



Thicker coated layers were observed in the APTES-GA technique than in the APTES-(EDC/NHS) technique, and this was likely caused by the self-polymerization of GA to an agglomeration of the protein layer, causing irregular protein reaction. This agrees with previous studies that explained the relationship between silanization reaction and GA [49].



The atomic force microscope (AFM) was utilized to determine the surface topology, which was presented in terms of root mean square (RMS) roughness (see Supplementary Materials, Figures S4–S6). The observed agglomeration of the molecule on the surface was a result of the silanization process mechanism, as described in a previous study [6]. Table 2 summarizes the RMS roughness values of the APTES-GA method compared with the APTES-(EDC/NHS) method. The values of roughness of uncoated and APTES silanized silicon surfaces were similar in both techniques. However, it was found that the APTES-(EDC/NHS) technique yielded less roughness of the coated anti-TNF-alpha and GOx than the APTES-GA technique at 1.5 nm and 3.9 nm compared with 6.3 nm and 8.7 nm, respectively.




4.2. Surface Element Composition


The relative weight percentages of Si, N, O, and C atoms on the surface were measured after each coating step by energy-dispersive X-ray spectroscopy (EDS). The results are shown in Figure 10 and Figure 11. All results show that, as the protein and crosslink layers are increased, the percentages of N, O, and C, which are indicative of organic compounds, increase on the surface while the percentage of Si drops. EDS can penetrate at ca. 1–10 nm in depth; therefore, these changes indicate the presence of bioreceptor proteins on top of the silicon surface.




4.3. Bioreaction Measurement


Bioactivity experiments were used to demonstrate the quantity of the coated bioreceptor. We applied ELISA to the antigen–antibody system. The anti-TNF-alpha antibody concentration that was used to coat on Si was varied (1:128, 1:250, 1:500, 1:1000). The antigen concentration is constant at 500 μg/mL. The results in Figure 12 show that the average values of optical density (OD) at 450 nm using the antibody-coated Si by both the proposed APTES-(EDC/NHS) (n = 5) and the conventional APTES-GA techniques (n = 5) are similar at all conditions. The reactivity of the immobilized protein by both techniques are approximately 16 and 20% of the positive control at all concentrations. Thus, the results suggest that the proposed coating technique is able to bind the antibody onto the silicon and generate an antibody–antigen reaction in the same order as the conventional method.



Furthermore, the higher anti-TNF-alpha antibody concentration generally corresponds to a lower standard deviation in reactivity, i.e., 0.167 ± 0.03 (1:128), 0.165 ± 0.04 (1:250), 0.191 ± 0.05 (1:500), and 0.179 ± 0.02 (1:1000) in the APTES-(EDC/NHS) technique, and 0.198 ± 0.02 (1:128), 0.156 ± 0.05 (1:250), 0.163 ± 0.05 (1:500), and 0.181 ± 0.07 (1:1000) using the APTES-GA technique. The deviations could be a result of protein loss during the coating process and nonspecific binding on Si. By increasing the antibody concentration, a better repeatability of the quantity of immobilized antibody on the Si surface should be achieved.



The reaction results of glucose oxidase coated silicon to glucose solution are shown in Figure 13. An increase in absorbance at 490 nm is directly proportional to GOx activity for the oxidation of glucose to gluconic acid and H2O2. This indicates the presence of enzyme being successfully coated on the surface by both methods. The higher enzyme activity in the APTES-(EDC/NHS) technique was observed (both after 1 h and 24 h incubation). This may be the effect of a consistent arrangement of GOx by the APTES-(EDC/NHS) technique, which does not affect the active site of the enzyme. The incubation time was long in these experiments due to the thin enzyme film on the surface, unlike standard enzyme experiments.




4.4. Results of Silicon and Silicon Nitride Waveguide Devices


The coating of an antibody on a silicon-based device with waveguide(s) was performed in order to investigate the structure of the antibody layer on waveguides as part of sensor devices. The SEM images of Ab-TNF-alpha coating on Si and Si3N4 waveguides using both APTES-GA and APTES-(EDC/NHS) techniques are shown in Figure 14 and Figure 15. It is shown that surface modification with APTES for antibody immobilization can be applied to both Si and Si3N4 waveguides, consistent with a previous report [61]. On the Si waveguide devices, it was observed that the antibody coating using the APTES-(EDC/NHS) technique exhibited distinct protein clusters on the waveguide (Si), while the antibody coating using the APTES-GA technique showed more scattered proteins on both the waveguide (Si) and the substrate (SiO2), as in Figure 14. On the Si3N4 waveguide devices, similarly, it was found that the proposed APTES-(EDC/NHS) method shows a greater amount of immobilized antibody on the waveguide (Si3N4) compared with the substrate (SiO2), as in Figure 15. The reason should be that EDC/NHS facilitates the formation of a stable amide bond between a carboxylic group of protein molecules and an amine group of covalent-linked APTES on Si3N4 surface. While in case of the APTES-GA technique, a glutaraldehyde crosslinker can cause a self-crosslink between protein molecules which competes with protein immobilization on the Si3N4 waveguide [62]. Therefore, our proposed method is attractive for the sensor devices using Si3N4 waveguides, as the higher density of the antibody on the waveguide corresponds to increased sensor sensitivity.





5. Conclusions


We proposed and experimentally verified a new technique to biochemically coat a bioreceptor protein on silicon chips and a silicon photonic device using either silicon or silicon nitride waveguides. The technique combines APTES silanization with a modified EDC/NHS crosslink. The protein can be bound to the silanized silicon surface in a single step since the EDC/NHS-protein solution is premixed, thus simplifying the process. On plain silicon chips, the proposed APTEST-(EDS/NHS) technique showed smoother and more consistent layers compared with the APTES-GA technique due to the specificity of protein binding in the EDC/NHS system. Similar average immobilized bioreceptor densities were observed by both techniques, as evidenced by ELISA results. However, increased protein concentration is associated with improved repeatability. On the waveguide devices, the proposed APTEST-(EDS/NHS) technique showed a higher immobilized bioreceptor density on the Si3N4 waveguides. Therefore, a higher sensitivity of biosensing can be expected in Si3N4 waveguide sensors using our method. Further study is required to apply this protein coating technique in actual bioanalyte sensing and to determine the necessary sensor characteristics, including sensitivity and detection limit, in real world applications such as point-of-care testing.
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Figure 1. The procedure for the conventional APTES-GA coating. 
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Figure 2. The procedure for the conventional EDC/NHS coating. 
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Figure 3. The procedure for the proposed rapid APTES-(EDC/NHS) coating. 
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Figure 4. APTES-(EDC/NHS) coating diagram. 
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Figure 5. SEM images of (a) Si surface (b) with APTES layer and (c) with APTES-GA layer. 






Figure 5. SEM images of (a) Si surface (b) with APTES layer and (c) with APTES-GA layer.



[image: Coatings 11 00595 g005]







[image: Coatings 11 00595 g006 550] 





Figure 6. SEM images of anti-TNF-alpha coating on Si using (a) APTES-GA technique and (b) APTES-(EDC/NHS) technique. 






Figure 6. SEM images of anti-TNF-alpha coating on Si using (a) APTES-GA technique and (b) APTES-(EDC/NHS) technique.



[image: Coatings 11 00595 g006]







[image: Coatings 11 00595 g007 550] 





Figure 7. SEM images of GOx coating on Si using (a) APTES-GA technique and (b) APTES-(EDC/NHS) technique. 
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Figure 8. Thickness of the layers after each stage of anti-TNF-alpha coating using APTES-GA technique and APTES-(EDC/NHS) technique. 
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Figure 9. Thickness of the layers after each stage of GOx coating using APTES-GA technique and APTES-(EDC/NHS) technique. 
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Figure 10. Element composition after each step of anti-TNF-alpha coating using (a) APTES-GA technique and (b) APTES-(EDC/NHS) technique. 
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Figure 11. Element composition after each step of GOx coating using (a) APTES-GA technique and (b) APTES-(EDC/NHS) technique. 
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Figure 12. ELISA results of anti-TNF-alpha coated Si chips using the two techniques (n = 5). Positive control: anti-TNF-alpha coated well, tested with antigen. Negative control: anti-TNF-alpha coated well, tested without antigen. 
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Figure 13. Activity results of GOx enzyme coated using (a) APTES-GA technique (n = 5) and (b) APTES-(EDC/NHS) technique (n = 5). Negative control: uncoated silicon samples. 
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Figure 14. SEM images of anti-TNF-alpha coating of Si waveguides using (a) APTES-GA technique and (b) APTES-(EDC/NHS) technique. 
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Figure 15. SEM images of anti-TNF-alpha coating of Si3N4 waveguides using (a) APTES-GA technique and (b) APTES-(EDC/NHS) technique. 
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Table 1. Comparison of silicon protein coating techniques.
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	Silicon Protein Coating Technique
	Advantages
	Disadvantages
	Ref.





	APTES-GA
	Commonly used method
	GA can bind to nonspecific proteins; thickness of the APTES layer is uncontrollable
	[30,34,35,36,37,38,39]



	EDC-NHS
	Specific binding between EDC and NHS leads to regular molecule arrangement; PEG is hydrophobic
	Requires the use of hazardous substance, thus requiring supported laboratory
	[31,40,41,42]



	PEG
	The functional groups used in the crosslink may be selected
	Large PEG molecules may cause nonuniform coating layer
	[29,43,44,45]
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Table 2. Root mean square (RMS) roughness of each coated layer by AFM measurement.
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Layer of Measurement

	
Root Mean Square (RMS) Roughness (nm)




	
APTES-GA Technique

	
APTES-(EDC/NHS) Technique






	
Silicon surface (uncoated)

	
0.5

	
0.79




	
APTES

	
1.48

	
1.22




	
APTES-GA

	
1.78

	
N/A




	
Anti-TNF-alpha layer

	
6.30

	
1.50




	
GOx layer

	
8.70

	
2.90
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