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Abstract

:

Surface functionalization and bioreceptor immobilization are critical processes in developing a highly sensitive and selective biosensor. The silanization process with 3-aminopropyltriethoxysilane (APTES) on oxide surfaces is frequently used for surface functionalization because of beneficial characteristics such as its bifunctional nature and low cost. Optimizing the deposition process of the APTES layer to obtain a monolayer is crucial to having a stable surface and effectively immobilizing the bioreceptors, which leads to the improved repeatability and sensitivity of the biosensor. This review provides an overview of APTES deposition methods, categorized into the solution-phase and vapor-phase, and a comprehensive summary and guide for creating stable APTES monolayers on oxide surfaces for biosensing applications. A brief explanation of APTES is introduced, and the APTES deposition methods with their pre/post-treatments and characterization results are discussed. Lastly, APTES deposition methods on nanoparticles used for biosensors are briefly described.






Keywords:


APTES; monolayer; functionalization; silanization; biosensor; oxide surface












1. Introduction


3-aminopropyltriethoxysilane (APTES) is an organosilane molecule that is frequently used in silane-based functionalization processes that attach biomolecules to surfaces. Organosilanes are silicon-based molecules that have a general formula of R′(CH2)nSi(OR)3, where R′ is an organofunctional group and R is a hydrolyzable alkoxy group [1,2]. Various organosilanes have been used for surface modification and functionalization, such as 3-aminopropyltriethoxysilane (APTES), 3-aminopropyltrimethoxysilane (APTMS), N-(2-aminoethyl)-3-aminopropyltriethoxysilane (AEAPTES), N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (AEAPTMS), N-(6-aminohexyl) aminomethyltriethoxysilane (AHAMTES), 3-aminopropyldimethylethoxysilane (APDMES), 3-mercaptopropyltrimethoxysilane (MPTMS), glycidyloxypropyl-trimethoxysilane (GOPS), etc. Depending on the type of silane molecule used, the surface after the silane treatment can be aminated (e.g., APTES, APTMS, AEAPTES, AEAPTMS, and AHAMTES), thiolated (MPTMS) [3] or epoxy-group functionalized (GOPS) [4].



Among all organosilanes, APTES is the most used silane molecule to functionalize oxide surfaces [5,6,7,8,9,10,11]. Oxide surfaces are surfaces that have hydroxyl groups (-OH) bearing high surface energy that can rapidly interact and form a covalent bond with silane molecules [12,13,14,15]. Due to this strong covalent bond, bioreceptors can be chemically attached to the silane layer via charge-to-charge interactions or bifunctional crosslinkers without disrupting the silane structure [16,17]. The most extensively studied oxide surfaces contain Si-OH and Me-OH (Me: metal) groups. Because of their morphologic versatility, chemical stability, and physicochemical interfacial properties, oxide materials have been used extensively in biosensor development [18].



Biosensors are widely investigated and have been used in different areas such as environmental monitoring, healthcare (e.g., diagnostics, and point of care monitoring), security, food control, pharmaceuticals (e.g., drug discovery), and forensics. For environmental monitoring, the use of nanomaterials based on oxides for gas sensing has been widely exploited [19,20]. For example, metal oxide nanoparticles were used to absorb methane gas which reacted with oxygen ions and caused a decrease in resistance and, hence, detection [21,22,23]. For healthcare applications, biosensors are used to detect the presence and/or concentration of a biological analyte in complex biological media such as body fluids (e.g., blood, saliva, and urine), cell culture media, food, and environmental samples. Such information contributes to the formation of key medical decisions [4,24,25,26,27,28,29,30]. A typical biosensor consists of three main parts: an interface functionalized with the bioreceptor where a specific biological event takes place, a transducer that converts a biological event into a measurable signal, and a detector that amplifies and processes the signal to be displayed. Bioreceptors can be immobilized on the interface surface either physically (i.e., adsorption, encapsulation, electrostatic, van der Waals, and hydrophobic interactions) or chemically (i.e., covalent bonding, and crosslinking). There are different types of bioreceptors available, and they can be generally classified into five major categories: (1) antibody/antigen [31,32,33], (2) enzymes [34,35,36], (3) nucleic acids (DNA, RNA) [37,38], (4) cells and cellular structures [39], and (5) polymers [1,40,41,42]. However, most bioreceptors (except for polymers) cannot bind to the sensor surface directly; therefore, the surface first needs to be coated with a metal layer or covered with reactive molecules that provide binding sites for the bioreceptor. In this scenario, APTES molecules serve as an intermediate layer linking the oxide surface to bioreceptor molecules.



There are certain strategies that need to be followed to immobilize bioreceptors on oxide surfaces such as a surface pre-treatment, intermediate layer coating, and surface post-treatment processes. Prior to the surface pre-treatment steps, some native -OH groups may exist on the oxide surface, while the number of -OH groups can be increased by rehydroxylation [43]. Such hydroxylated surfaces have an increased number of attachment points for APTES molecules. For biosensor performance, the formation of an APTES monolayer is more desirable than the formation of a multilayer [9,10,44,45]. Thick layers of silane molecules have a very fragile structure [8,44] and get washed away either in the presence of a buffer or during various washing steps in an immunoassay process [5,10,45] leading to a nonuniform and inhomogeneous surface [31]. Additionally, for some biosensors (e.g., evanescent field-based sensors) whose response is affected by the depth of the detection layer, a thicker APTES multilayer could limit the sensor performance. The depth of the detection layer range of such sensors is from 50 to 200 nm [46,47,48] while an APTES multilayer thickness can reach up to 140 nm [14]. Therefore, the thickness of the layers from the functionalization steps, including the APTES and bioreceptor layers, could be beyond the detection layer range with which a sensor could function properly to detect the target analytes reliably.



The formation of a stable APTES monolayer is an important step for immobilizing bioreceptors well on an APTES-treated surface, otherwise the researchers developing biosensors might have a challenge knowing whether their measured signal change comes from the receptor/analyte binding or the unstable intermediate layer. This has a dramatic effect, therefore, on the overall biosensor performance including the limit-of-detection, stability, and reproducibility. However, the formation of a silane monolayer in most studies has been based mostly on conviction rather than experimental proof [9]. The ideal condition for obtaining monolayers of APTES on oxide surfaces is still unclear, and most studies have obtained results through trial and error by changing the reaction conditions [8]. Although the stability, durability, and repeatability of the immobilization, retention of antibody activity, and avoidance of nonspecific binding have been studied, it is uncertain if a universally applicable surface functionalization protocol for oxide silanization can be achieved [49]; therefore, researchers must determine the best silanization process for their specific applications and structures. To do so, it is important to understand the silanization processes that are reported to produce a monolayer of APTES with experimental proof. It is also important to understand the chemistry, conditions, and specific steps behind the APTES monolayer formation process because these conditions affect the thickness and roughness of the silane layer and the nature of the bonds created between the silane molecules and the oxide surface [9,45].



The purpose of this review paper is to provide a comprehensive guide for creating stable APTES monolayers based on the systematic analysis of research strategies developed for APTES monolayer fabrication, and to highlight the importance of this process to a broader research field. For that matter, in this review, we discuss the complex kinetics of APTES grafting and summarize the processes used for APTES monolayer formation confirmed with surface characterization parameters and detection results. We attempted to include the factors that affect the APTES monolayer quality, such as the deposition method, concentration of APTES, type of solvent used for the solution-phase deposition, deposition time, temperature, water content, pH, and the drying/curing conditions of the silane [11,44]. We have also included the stability of the APTES layer in a solution since this might have an immense impact on the overall biosensor performance. In addition, we briefly review the APTES deposition methods used for nanoparticles which have been actively investigated for biosensing applications.




2. APTES: Different Modes of Interaction with The Oxide Surface


APTES has three functional reactive ethoxy groups and one amine group per one silane molecule (Figure 1). The polymerization of APTES molecules on an oxide surface is a very complex reaction involving three main steps: (1) hydrolysis (a hydroxyl group (-OH) substitutes the ethoxy groups in an acidic, alkaline, or neutral medium); (2) condensation (the formation of siloxane bonds (Si-O-Si)) (Figure 1); and (3) phase separation [8]. Due to the four reactive groups in APTES molecules and the complex kinetics in the three reaction steps, it is important to control and optimize the reaction conditions such as the environmental humidity, solvent type, amount of water, pH, reaction temperature and time, and silane concentration, to obtain a reproducibly smooth, stable, and high-density silane layer [8,10,45].



The quality of the silane surface, including its morphology, strongly depends on the initial hydrolysis step, making it very critical [50]. The water content determines the number of hydrolyzed groups during the hydrolysis step in the APTES molecule (hydrolysis of one, two, or three ethoxy groups) [51]. Ethoxy groups are very reactive toward water, forming silanol groups (Figure 1) [2]. In the absence of water or if the water content is too low, the silanol formation could be incomplete [10,44,52,53]. The optimal water concentration was suggested to be 0.15 mg of water in 100 mL of solvent [54], i.e., a water/silane ratio of 1.5 [8].



A condensation reaction can happen between two APTES molecules and/or between the oxide surface and an APTES molecule [55]. As the result of the condensation reaction between silanol groups on the APTES molecule and -OH groups on a pre-treated oxide surface or between neighboring hydrolyzed APTES molecules, the formation of siloxane bonds occurs (Figure 1A). Siloxane bonds can covalently attach the silane molecule to the surface in different ways (Figure 1B). In addition, the silanol groups of different silane molecules can interact with each other, thereby forming polymeric structures (Figure 1B(5–7)). This happens in the presence of excess water molecules and can cause the uncontrolled polymerization of aminosilanes [52,56,57,58,59], forming a polymer composed of polysiloxane, which can be seen as white specks on the surface [60,61].



In the phase separation step, the reaction medium loses its homogeneity to form more tangible polymeric structures [8]. Changing the temperature during APTES grafting can increase the overall reaction rate and changing the pH of the medium can dictate the different reaction kinetics. The amine group of the silane molecule is used to attach bioreceptors to the surface (Figure 1A); however, it can also form a weak hydrogen bond with the surface silanol group or with the silanol group of other silane molecules (Figure 1B). The formation of hydrogen bonds can decrease the number of silane molecules that are supposed to be covalently attached to the surface [62]. Additionally, the amine group can catalyze the formation and hydrolysis of siloxane bonds intramolecularly via the formation of stable five-membered cyclic intermediates (Figure 1B(4)) [44,61], and it can react with water, causing the release of nitrogen oxides, which results in the degradation of its reactivity [63].



In an ideal situation, the attachment of the bioreceptors on an oxide surface via silane molecules should start with the hydrolysis of the silane molecules followed by condensation without the formation of additional bonds or different reaction routes. To achieve this ideal case, one must tune the reaction conditions based on their laboratory facilities. According to the molecular structure, an APTES monolayer should have an average chain length of ∼5–10 Å [5,44,64,65], a 0.5–0.8 nm thickness [44,53,66,67,68], an average density of 2.1–4.2 molecules per nm2 [64,69] and a silanol group density of 5 per nm2 [43,50].



Due to the complex nature of APTES layer formation, great care should be taken to validate such surfaces for biosensing experiments. After the APTES grafting step, a post-deposition process (i.e., rinsing and baking) is usually performed to remove the non-covalently attached silane molecules without affecting the covalently-bonded silane molecules. The stability of the grafted APTES layer is another important aspect that needs attention in sensing experiments [70]. During the stability study, an APTES-treated surface is usually placed in a container with solution for an extended period (e.g., 1 to 24 h) to monitor the APTES desorption over time (i.e., the removal of physiosorbed molecules). Table 1 summarizes the methods used to inspect the APTES layer’s quality and stability.




3. Surface Preparation for APTES Deposition: Pre-Treatment Step


Before an APTES monolayer can be formed on an oxide surface, the surface must go through pre-treatment steps to remove organic contaminants and activate the sur-face with increased hydroxyl groups. Wet-chemical methods for the pre-treatment in-clude strongly oxidizing and acidic media such as “piranha solution” (i.e., 70% sulfuric acid (H2SO4): 30% hydrogen peroxide) [9,10,45,63,65,71] and hexavalent chromates in concentrated sulfuric acid [84] which can both be used to successfully clean and hydroxylate the surface of SiO2-based materials. Cleaning with 1:1 methanol/HCl removes the surface contaminants most effectively compared to various detergents and provides a smooth and clean surface for subsequent silane deposition [7,85]. The formation of silanol groups on SiO2-based materials using such pre-treatment steps are confirmed with FTIR results [14]. For metal oxide surfaces, an electrochemical passivation process called anodization is often used to clean the surface and increase the thickness of the natural oxide layer on it. When conducted in 1 M H2SO4 at various voltages, anodization can increase the number of -OH groups on the surface [86]. The activation of metal oxide surfaces can also be performed by placing them in a boiled 30% hydrogen peroxide solution for a certain period or by the aforementioned piranha cleaning process [63,72,87].



Exposure of the oxide surfaces to a dry-cleaning process, such as oxygen plasma and UV-ozone cleaning for a certain period (5–30 min), has also been used for surface cleaning and activation [70,80]. For example, X-ray photoelectron spectroscopy (XPS) revealed an increased number of -OH groups on oxygen plasma-treated surfaces relative to chemically-treated surfaces [88]. The oxygen plasma activation formed sufficient hydroxyl moiety resulting in a reduced surface roughness and the improved formation of a homogeneous layer [10,12,88].



Generally, after a sufficient cleaning and surface activation process, the oxide surface becomes hydrophilic with a water contact angle (WCA) ranging from ≤ 5 degrees [88] to 20–30 degrees [70,75] and a surface roughness of 0.45 nm [65]. An increase in hydrophobicity should be observed upon a silane layer deposition (with a WCA range of 40–65 degrees), and the hydrophobicity usually varies depending on the APTES deposition method, surface roughness, and compactness of the chemical chains on the surface [85,89]. The deposition of APTES on oxide surfaces can be completed in two different ways: via a solution where samples are dipped into the silane solution or via the vaporization of a silane solution onto samples. The distinguishing factor between these two methods is whether or not the APTES solution makes direct contact with the surface.




4. Solution-Phase APTES Deposition on Oxide Surfaces


Among other silane deposition methods, solution-phase deposition is the most popular and easy to use. A solution-phase APTES deposition is performed by directly dipping the sample into an APTES solution and incubating it for a certain time. To make an APTES solution, APTES is dissolved in an anhydrous solvent (e.g., toluene, methanol, ethanol, or acetone) with or without a small amount of water [10,90]. Based on a systematic analysis of experimental procedures that mainly focused on creating an APTES monolayer, dissolving APTES at a certain ratio and for a certain incubation time in toluene, methanol and acetic acid produced a near-monolayer surface as compared to dissolving the APTES in ethanol. Nevertheless, it was also shown that it is possible to remove the physiosorbed APTES molecules from a multilayered surface such as those dissolved in ethanol by rinsing with acetic acid, thereby creating a monolayered surface. After incubation, as a post-treatment step, the sample was rinsed with an anhydrous solution or acetic acid to hydrolyze the ethoxy group and remove the unbound APTES molecules from the sensor surface. The surface was then baked at an elevated temperature (≥ 110 °C) for at least 30 min to cross-link the APTES on the surface further and remove the residuals. Figure 2 illustrates the steps used in the APTES grafting process based on studies which produced APTES monolayers and confirmed their stability with hydrolytic stability tests.



4.1. Anhydrous Solvent-Based APTES Deposition with Toluene


To avoid uncontrolled polymerization in the presence of water, the solution-phase deposition of APTES is generally undertaken in an anhydrous solution. Out of all the anhydrous solvents used for APTES deposition, toluene has been widely used [5,10,44,45,53,63,64,65,71,86].



Meroni et al. showed the monolayer formation of APTES with 2 M APTES in a 150 µl toluene solution on a TiO2 surface [64]. With 2 h of incubation under a dry N2 atmosphere in an oven at 80 °C, the authors reported the successful formation of a monolayer of APTES based on AFM topography with an RMS roughness of 0.75 nm. XPS results showed a thickness of ∼5.3–6.5 Å, comparable to the monolayer thickness. According to the XPS analysis, the APTES deposition on TiO2 resulted in 60% of free amine groups, and the other 40% were suggested to be involved in hydrogen bonding or protonated. This was also supported by FTIR results where peaks were observed for the free amine and terminal amine groups cross-linked with silanol groups. Near-edge X-ray absorption fine structure (NEXAFS) results supported the formation of a low-density monolayer with APTES molecules for hydrocarbon groups (i.e., one or two Si-O-Ti bonds involving the Si headgroup) tilted toward the surface and with no clear preferential orientation for N groups (i.e., conformationally freer than the whole hydrocarbon chain).



Another research study showed that 100 mM of APTES in a 50 mL toluene solution formed a monolayer of APTES on TiO2 [86]. The metal oxide-coated substrate was placed in a sealed flask and immersed in the solution from 0.5 to 24 h. The reaction was carried out in a temperature ranging from 25 to 90 °C. XPS data revealed that the deposition had reached its saturation point after 1–2 h with 100 mM of APTES. After 10 h of incubation, the TiO2 surface was completely covered with APTES multilayers, possibly due to vertical polymerization or agglomeration. The authors concluded that incubations for more than 8 h between 0.01–10 mM of APTES and incubations for 8 h at 10 mM of APTES created a stable monolayer without any tendency to form 3D networks.



Zhu et al. grafted APTES on silicon wafers by placing them in a sealed flask with 25 mL of toluene and 0.5 mL of APTES (1.98% APTES) at either 70 °C or 90 °C for 24 h [44]. The flask was constantly purged with N2 gas to control the humidity. Despite this, the authors stated that ambient humidity (e.g., 20% in winter and 60% in summer) had an immense impact on the APTES layer thickness. More humidity produced thicker and more varied APTES layers based on ellipsometry measurements (23 Å) and WCA measurements (32 degrees). In addition to the humidity, the prolonged incubation time (24 h) could have also played a role in forming thicker APTES. From a hydrolytic stability test, the authors found that the thickness decreased from 23 Å to 8 Å during 24 h of incubation in water, confirming the APTES’ instability. A similar study with the same reaction conditions (0.5 mL of APTES dissolved in 25 mL of toluene under N2 gas at 70 °C) resulted in a monolayer formation at 3 h of incubation with an ellipsometry-confirmed thickness of 10 Å and WCA 38–43 degrees; however, the APTES layer formed this way was not hydrolytically stable [5].



Howarter et al. showed that prolonged incubation times of 24–74 h resulted in thicker APTES layer formation, confirmed by ellipsometry measurements ranging between a 5–16.3 nm thickness [71]. The deposition of APTES, in this case, was conducted on silicon wafers in a closed container (i.e., a toluene solution, and an APTES concentration range of 1–33%) backfilled with N2 gas. Based on the AFM surface roughness (0.53 nm), ellipsometry (1.5 nm), WCA (60–68 degrees), and XPS measurements (C:N ratio of 5.5), the group concluded that 1% APTES dissolved in toluene and incubated for 1 h created a thinner and consistent APTES layer.



Studies conducted by Pasternack et al. confirmed that lower APTES concentrations (0.1%) dissolved in toluene could create densely packed propyl chains on SiO2 when the reaction was carried out at 70 °C for less than 1 h. This result was supported by ellipsometry thickness results of 1.8 nm, an AFM surface roughness of 0.3 nm, and additional XPS data on the presence of APTES-associated chemical bonds [53]. The authors concluded that this process produces 2–2.5 layers of APTES and reported a 50% degradation after 6 h of incubation in water.



According to Gunda et al., a 1 h incubation of 2% APTES dissolved in toluene created a layer with a thickness of 2.4 ± 1.4 nm (based on ellipsometry measurements) on the surface of silicon wafers when the reaction was carried out at 100–120 °C. The authors reported that the thickness was close to the reported thickness of a silane monolayer and that it had a WCA of 63 degrees and an AFM surface roughness of 0.69 nm [10].



Interestingly, Yadav et al. reported that the incubation of silicon wafers in 1% APTES in toluene resulted in two- and three-dimensional polymer networks at room temperature and 70 °C. The authors suggested that ambient humidity might cause such polymerization [65].



The desorption of APTES molecules from heat-treated APTES was found to be less and slower compared to an APTES incubation at room temperature At higher temperatures, the total amount of deposited silanes was less, but their structure was more uniform and hydrolytically stable (both in water and a buffer) [45,71].




4.2. Anhydrous Solvent-Based APTES Deposition with Ethanol


In addition to toluene, ethanol has also been used as an anhydrous solvent for APTES deposition.



Miranda et al. used 5% APTES in an anhydrous ethanol solution to treat a Si substrate for 20 min at room temperature [7]. XPS studies revealed that, compared to a deposition in toluene, the presence of N and C was three and two times greater, respectively, indicating more than one monolayer of APTES. Based on the calculated C:N ratio, increasing the APTES concentration and reaction time (from 20 to 60 min) did not significantly influence the multilayer formation. The authors attributed this finding to the polar protic nature of ethanol that can solvolyze the Si-O-Si bonds faster than the condensation reaction. After deposition, the non-covalently attached APTES molecules were removed using 6% acetic acid, effectively removing the multilayer and leaving the surface with an APTES monolayer, as proved by AFM and XPS surface analysis.



Han et al. confirmed the formation of an APTES multilayer on a SiO2 surface when samples were incubated in 5% APTES dissolved in an anhydrous ethanol for 20 min, 1 h, 3 h, and overnight at 50 °C [14]. The group showed that APTES tended to accumulate on the surface, resulting in a non-uniform layer with increasing thicknesses: 10 nm (20 min), 32 nm (1 h), 75 nm (3 h), and 140 nm (20 h). After 20 h of incubation, an increase of nitrogen up to 11.2% and of carbon up to 52.2% was observed from the XPS results, indicating a thick APTES multilayer formation. Anhydrous acetic acid was used for the rinse step after the deposition and 1 mM of acetic acid helped to activate the silane (i.e., forming a network on the surface) and to rinse off the weakly bound APTES from the surface, resulting in a thickness decrease from 140 nm to < 4 nm and decreases of nitrogen down to 5.1% and carbon down to 36.6% from the XPS measurements. The authors concluded the importance of acetic acid for forming the thinnest APTES layer.



One study determined the optimal concentration of APTES in a solution based on protein immobilization (mouse IgG) on the surface [9]. The IgG was detected through a reaction with a fluorescently labeled anti-mouse IgG antibody. Maximum plateau fluorescence signal values were obtained at ≥ 5% APTES dissolved in anhydrous ethanol. The reaction was carried out at room temperature, and 60 min of incubation and 20 min of a final cure at 120 °C were enough to reach the plateau. The authors also conducted an APTES stability test by measuring the fluorescence signal from the IgG immobilized surfaces over 2 months. They found that the fluorescence intensity remained the same for almost 3 weeks, indicating that the APTES layer was stable




4.3. Solution-Based APTES Deposition with Water Molecule Traces


As previously mentioned, the amount of water in a solution and native -OH groups on an oxide substrate is critical in controlling the level of polymerization of silane molecules. Some trace water can be added to the reaction solution, or it could be present in a solution, such as in 95.6% ethanol with 4.4% water.



Dissolving APTES in methanol with some water traces resulted in forming an APTES layer with 8.1 Å thickness based on spectroscopic ellipsometry measurements, which is close to the thickness of a monolayer [65]. A 1:500 ratio of stock solution (i.e., 50% methanol, 47.5% APTES, and 2.5% nanopure water) in methanol was used to deposit a monolayer of APTES. The thickness of the surface was retained by about 50–70% after the hydrolytic stability test of a 60 min incubation in water. The desorption of APTES molecules from the surface was negligible in buffer solutions such as PBS compared to water. The monolayer formation was further supported by AFM surface roughness tests at 0.2 nm and WCA at 45–60 degrees.



Arnfinnsdottir et al. optimized the silanization of SiO2 on a functioning sensor through the immobilization of proteins [49]. For the APTES deposition, the surface was incubated in 1–4% of APTES dissolved either in aqueous 1 mM of acetic acid or in 95% ethanol. AFM measurements produced a roughness of 0.1 nm for the APTES layer formed in the acetic acid, which was constant with higher APTES concentrations and various incubation times from 10 to 60 min. Based on the nanodomains formed after silanization, the authors concluded that the acetic acid solvent did not promote extensive APTES self-polymerization. A uniform layer could be formed with 1–2% of APTES with an incubation of 10–20 min. Additionally, the surface roughness (0.1–0.6 nm) and nanodomain number and sizes increased when the silanization was performed in 96% ethanol, indicating increased APTES self-polymerization. The data on protein detection showed that using acetic acid as the solvent in the silanization step generally yielded a higher protein binding capacity for C-reactive protein (CRP) onto anti-CRP than using ethanol.





5. Vapor-Phase APTES Deposition on Oxide Surfaces


The alternative to solution-phase APTES deposition is depositing APTES in the vapor-phase. Solution-phase deposition methods are generally preferred and have been more heavily researched because of their simplicity, but vapor-phase deposition methods remove the need for high-purity anhydrous solvents and offer more control over the deposition environment [67]. As previously explained, an excess amount of water is not desirable for APTES deposition; however, having a trace amount of water is important for hydrolysis of the APTES ethoxy groups and promoting siloxane bond formation. It has been reported that precise water content control when using anhydrous solvents is difficult because of variations in ambient humidity [44]. This negative effect is not a factor with vapor-based deposition, where solvents are not used. A vacuum or nitrogen purge can be used to further remove any unwanted moisture in the air or on the deposition surface [71]. Figure 3 illustrates the typical vapor-phase APTES deposition process. Step one remains mostly the same compared to the solution-phase methods, but in Steps two and three, the advantages of the vapor-phase are clear: no anhydrous solvents are required, sealed chambers with an optional vacuum are used to control the environment, and optional N2 purges remove physisorbed molecules. Lastly, note that there are no manual processes such as soaking, washing, and drying that can cause a variation in the film quality [66]. Vapor-phase deposition methods can be placed into two different categories: chemical vapor deposition (CVD) and molecular layer deposition (MLD), and both CVD and MLD have been used to produce high-quality, repeatable APTES monolayers onto silicon oxide surfaces.



5.1. Chemical Vapor Deposition (CVD)


Yield Engineering Systems (YES) CVD equipment can precisely control deposition parameters such as the reactant volume, reaction temperature, and deposition time, making them ideal for APTES deposition. Although they are bulky and expensive, the deposition process is relatively simple. The oxide surface can be hydroxylated with plasma using the YES system or a piranha solution beforehand. The APTES is stored in temperature-controlled flasks where it is evaporated and introduced to the deposition chamber, which is kept at 150 °C and a low pressure (0.5–500 Torr). Nitrogen purges have been used before the deposition to dehydrate the surface or after deposition to remove physisorbed molecules. Rather than dehydrate the surface, water vapor can also be introduced to hydrate it if so desired. The deposition time using a YES system is short compared to other methods. In the literature, YES CVD systems have been used to deposit monolayers of APTES using processes with different steps [65,67,91].



Zhang et al. utilized a dehydration purge to remove water from plasma-activated oxide surfaces. The deposition chamber of a YES CVD system was evacuated to 5 Torr, then filled with N2 to 500 Torr. Finally, they evacuated to 1 Torr [67]. Evaporated APTES was then introduced for 5 min, raising the pressure to 2–3 Torr. Finally, to remove residual silanes, the chamber was purged with three cycles of N2. Smooth monolayers of APTES were verified using AFM and ellipsometry, with a thickness of 0.66 nm and a roughness of 0.152 nm. Additionally, the APTES was desirably hydrophobic with a WCA of 44 degrees. Notably, neither the WCA nor the surface coverage was affected by the concentration of APTES used, which is an advantage over solution-based methods. Using XPS, the stability of the APTES layer was verified by measuring the presence of nitrogen before and after prolonged exposure to a pH 10 buffer. After two hours, the APTES had lost 20% of its nitrogen content, and after four hours, 30–35% had been lost, indicating that the deposited monolayer was stable for an extended period.



Another piece of research utilizing YES CVD used plasma-activated oxide surfaces, but instead of dehydrating them, they were hydrated with 500 L of water [65]. This preceded the ten minute deposition of 500 L of APTES at 500 Torr, after which several nitrogen purges were used to remove excess silane. With this process, smooth, hydrophobic APTES monolayers were produced with a thickness of 0.42 nm, a roughness of 0.22 nm, and a WCA of 40 degrees. When exposed to water for one hour to test the stability, 50–70% of the APTES layer remained intact.



Saini et al. used YES CVD to deposit monolayers of APTES onto oxide surfaces that were cleaned and hydroxylated with piranha solution without using hydration, dehydration, or N2 purges step [91]. An amount of 2 mL of APTES was introduced to the deposition chamber for 30 min at a base pressure of 0.5 Torr. The APTES monolayers were smooth and hydrophobic with a thickness of 0.65 nm, a roughness of 0.239 nm, and a WCA of 44 degrees.



The CVD of APTES monolayers can also be completed without using bulky machines or vacuums. In this case, samples are simply placed in a sealed container, and heat is used to vaporize liquid APTES inside. For a monolayer deposition on an oxide surface, Zhu et al. introduced nitrogen to a Schlenk flask in addition to 0.5 mL of APTES [44]. Deposition times of 24 and 48 h were tested, with two 24 h samples being completed at 70 and 90 °C and one 48 h sample completed at 90 °C. After the deposition, the samples were rinsed twice with toluene, ethanol, and water and dried at 110 °C for 15 min. For all three samples, a hydrophobic monolayer with a thickness between 0.5 and 0.6 nm was produced. At a 24 h deposition time, when the temperature was increased to 90 °C, the thickness decreased from 0.6 to 0.5 nm. At 90 °C, when the deposition time was doubled from 24 to 48 h, the thickness remained at 0.5 nm, and the WCA increased from 50 to 51 degrees. The thickness of all three APTES layers was reduced to 0.3 nm after 24 h in water. This thickness is indicative of a APTES sub-monolayer. This study also performed a solution-based APTES method with toluene, but this did not produce a monolayer. It was reported that the vapor-based method was less sensitive to variations in the reaction environment.




5.2. Molecular Layer Deposition (MLD)


Molecular layer deposition (MLD) is a relatively new method for depositing thin films of organic materials such as APTES. Generally, the distinguishing feature of MLD is the use of two precursors and the sequential, non-overlapping introduction of them to the deposition chamber. This pulsing of the two reactants forms self-limiting reactions on the surface. These self-limiting reactions are what make MLD beneficial for APTES deposition because they allow the process to be precisely controlled. Like YES CVD, there is some variation in the details of MLD processes, for example, they can be undertaken with or without high temperatures, a substrate dehydration, and nitrogen purges.



Liang et al. used an NCD Tech D100 MLD system to pulse H2O vapor and APTES simultaneously for 5 s, producing APTES monolayers on oxide surfaces hydroxylated via piranha solution [66]. The reaction temperature was 110 °C, nitrogen was used as the carrier gas (50 sccm), and after deposition, the chamber was purged with nitrogen for 60 s. For 5, 10, and 20 pulses, the thickness and WCA results were very similar: 1–1.2 nm and 55–61 degrees. After twelve hours in water, the APTES layer of all samples became a monolayer with thicknesses between 0.7 and 0.8 nm, and the WCA decreased to between 34 and 47 degrees. Roughness measurements also indicated a smooth surface with a roughness between 0.172 and 0.186 nm. The MLD process was compared to a thirty minute ethanol solution-based process. Although it also created stable monolayers after hydrolysis, the MLD process was ultimately preferred because the processing time was much shorter. The produced APTES coverage was better, as verified by a 15.8% higher sensitivity when using both processes to fabricate pH sensing devices.



Yuan et al. used only APTES as a precursor in their MLD process [68]. They simply introduced 0.3 mL of APTES via an argon carrier gas (27 sccm) to a deposition chamber containing the oxide surfaces, which were hydroxylated with oxygen plasma. A vacuum was used to maintain a process pressure of 0.375 Torr during the deposition, which lasted ten minutes. After deposition, the argon and APTES were removed, and the pressure was reduced to 75 × 10−7 Torr. This post-deposition step was found to be vital for forming stable APTES monolayers, as it allows for the removal of physisorbed molecules. When this step was 24 h long, a hydrophobic monolayer was produced with a thickness of 0.71 nm and a WCA of 63.9 degrees.



Table 2 summarizes all the referenced solution-phase and vapor-phase processes and their monolayer characterization results.





6. APTES Deposition Process on Oxide Nanoparticle Surfaces


The chemical reaction between the APTES and oxide nanoparticles’ (NP) surface is similar to the reaction with plain oxide surfaces. Coating the NPs with APTES permits various improvements in the NPs functionalities such as an antibacterial effect, photostability, and the attachment of other functional groups [15,92]. Most NPs coated with APTES are used in applications such as for chemical sensors, cosmetic products (e.g., UV scattering effect in sun cream), drug delivery, magnetic resonance imaging, and bioimaging [15]. The formation of APTES on NP surfaces, for example, has been used to change the agglomeration or physical properties of the particles.



In one study, Zinc Oxide (ZnO) NPs were coated with APTES dissolved in water and toluene. The pH of the water was adjusted to an acidic or basic environment [92]. The condensation reaction rate of the silanol into siloxane (Si-O-Si) appeared to be very dependent on the pH level. At an acidic pH, the hydrolysis process of silane is usually activated, whereas, with a basic pH, both hydrolysis and condensation are activated. Acidic and basic environment-based APTES deposition in that study was carried out by dispersing the NPs in 50 mL of water (with an adjusted pH), followed by adding 1 mL of APTES and stirring for 1 h. For a toluene-based APTES deposition, the NPs were dispersed in 200 mL of toluene and stirred for 1 h under an argon flow. In all three cases, the APTES played a role of an NP’s growth inhibitor, as confirmed by scanning electron microscope (SEM) images. The amount of Si measured by an inductively coupled plasma (ICP) atomic emission spectroscopy in the case of acidic and basic environments were 0.5 and 4.8%, respectively. More impurities were observed on APTES-deposited NPs in a basic environment. The amount of Si in the case of toluene was 0.3% due to the low water quantity present during the experiment (i.e., the majority of water was chemisorbed and physisorbed on the surface of the NPs).



The formation of more APTES monolayers on nanoparticles was proposed by Liu et al., where good quality silane layers were formed when the reaction was carried out at an elevated temperature using methanol/toluene mixed solvents [80]. The monolayer formation was based on calculating the silane grafting densities using thermal gravimetric analysis. The study revealed that the equilibrium adsorption capacity was 301.2 mg/g for the highest grafting density during incubations at 70 °C using 2% APTES. Moreover, the experimental grafting density was very close to the theoretically predicted APTES monolayer density. Additionally, APTES grafting on Fe2O3 magnetic NPs can prevent oxidative damage and play a role in the hydrophilicity or hydrophobicity of the NP surface, which is important for further drug conjugation through terminal amine groups.



Karade et al. conducted a ninhydrin colorimetric assay to monitor the monolayer formation through the quantification of the amine groups on the NPs [83]. The process was based on a nucleophilic displacement reaction among the primary amines and ninhydrin, where 1 g of Fe2O3 NPs were dispersed in 100 mL of a methanol/toluene mixture at a 1:1 ratio. The mixture was sonicated for 30 min, followed by heating at 95 °C until half of the solution was evaporated. This procedure was repeated three times and 2% APTES in 100 ml of methanol was used to cover the NPs surfaces with silane molecules. The total calculated fractional monolayer coverage based on the ninhydrin assay on 1 NP was 96.6%. The FTIR and TEM-EDX spectra of the APTES-modified NPs showed the presence of a stretching vibration of Fe-O-Si and the presence of Si, confirming the APTES coverage. XPS results revealed the presence of Fe, O, C, and N, consistent with the development of interlinking silane molecules on a NP’s surface.



A summary of the APTES deposition processes on oxide NPs is presented in Table 3.




7. Conclusions


The chemical structure of an APTES molecule (i.e., with four reactive groups) makes any interaction with an interface surface multidirectional and interchangeable (with intra- and inter-layer modes of coupling), incorporating both covalent and noncovalent (hydrogen bonds) binding. Due to the continuous bond–breaking–bond–reforming horizontal and vertical rearrangement of the siloxane groups, the formation of polymerized multilayers can be observed, which greatly affects the biosensor performance. In most cases, the possible formation of such multilayers and their instability in a reaction solution (e.g., a buffer, or biological media) is underestimated in the various biosensor development processes. Moreover, the same deposition methods carried out in different laboratories do not guarantee a repeatability of the APTES monolayer formation. This is because varied conditions, such as the environmental humidity, affect the APTES’ monolayer formation; therefore, the careful surface characterization and validation for a specified laboratory setup are important to determine the optimal APTES deposition process.



Solution-phase deposition on oxide surfaces and nanoparticles can be completed by dissolving APTES both in anhydrous solutions (e.g., toluene, ethanol, and methanol) and solutions with trace water molecules (e.g., ethanol, methanol, and acetic acid). The presence of some adsorbed water on the surface or in the APTES solvent was found to be important for initiating a hydrolysis reaction during the APTES formation process. Incubations at an elevated temperature (e.g., 50–120 °C) promote the formation of stable covalent siloxane bonds while disrupting hydrogen bonds. The solution-phase deposition methods create a multilayer on an oxide surface with a different thickness. More concentrated APTES solutions (>2%) result in a thick multilayer formation, whereas less concentrated solutions result in thinner APTES layers; therefore, a rinse step is required to remove most of the physisorbed silane molecules to obtain an APTES monolayer. The major limitation and challenge of solution-phase APTES deposition is that one must control the environmental humidity during the reaction process, as humidity has been shown to greatly affect the thickness of the layer in addition to maintaining the anhydrous condition for solutions. To create the most stable monolayer using the solution-phase deposition, it is suggested to initially deposit a thin APTES layer (i.e., with a thickness equivalent to 2–2.5 APTES layers) followed by the removal of physisorbed, weakly-bound silane molecules from the surface through rinsing. The hydrolytic stability test suggests conducting measurements within approximately 1–6 h for efficient detection.



Although it has been used less frequently, the vapor-phase deposition of APTES offers some advantages over a solution-phase approach. Because the amount of water in the deposition environment should be tightly controlled, using a vacuum is desirable as it can negate environmental factors such as the humidity and remove the need for perfectly anhydrous solutions. Not only can water be removed entirely via the vacuum, but special equipment can also be used to introduce a precise volume of water vapor to the deposition chamber, and controlled nitrogen purges can be used to remove excess silane. These benefits are taken better advantage of when using YES CVD and MLD, which generally include more expensive and sophisticated equipment. Both methods have been used to create reproducibly smooth and stable monolayers at shorter deposition times. YES CVD does not require lengthy post-treatment steps and it only takes 5–30 min to produce high-quality monolayers, while MLD processes have required hours-long post-treatment steps to remove non-covalently bonded APTES. Additionally, YES CVD offers some flexibility in the process steps since monolayers can be produced with or without hydration, de-hydration, or nitrogen purges. CVD without specialized equipment can be used to create high-quality monolayers, although the reaction time can be in the range of 24–48 h, and it requires a rinse process to remove any loosely bound multilayers. With that, the water content is not quite as easily controlled, but with nitrogen purges and a properly sealed container, the effects of humidity variation can be curtailed, and there is still the added benefit of avoiding anhydrous solutions which may not be perfectly pure. The main limitation and challenge of using a vapor-phase deposition of APTES is the unavailability of sophisticated lab equipment used to control the deposition process.



When comparing the two methods for producing APTES monolayers on oxide surfaces, namely, the solution-phase and vapor-phase deposition methods, vapor-phase deposition is better for reproducing results in different lab environments; however, for a lab without such specialized equipment, solution-phase methods or CVD processes without specialized equipment can still be used to achieve an APTES monolayer on an oxide surface for biosensing applications. To confirm the formation of an APTES monolayer, characteristics such as an APTES layer thickness in the range of 0.5–0.8 nm, a WCA range of 40–68 degrees, a surface roughness at 0.2–0.75 nm, and/or a quantitative atomic composition of the modified surface using XPS or FTIR can be used. For reliable and repeatable results, stability tests in a solution after the deposition are highly recommended to establish the period at which an APTES modified surface remains stable.







Author Contributions


Conceptualization M.S. and S.K.; methodology, writing—original draft preparation, M.S. and A.H.; writing—review and editing, M.S., A.H., D.R. and S.K.; visualization, M.S.; supervision, S.K.; funding acquisition, S.K. All authors have read and agreed to the published version of the manuscript.




Funding


This work was in part supported by NIGMS of the National Institutes of Health under award number R15GM146233. Donggee Rho further acknowledges support from the Nanomedical Devices Development Project of NNFC in Republic of Korea.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Tosi, D.; Sypabekova, M.; Bekmurzayeva, A.; Molardi, C.; Dukenbayev, K. Optical Fiber Biosensors: Device Platforms, Biorecognition, Applications, 1st ed.; Elsevier Inc.: Amsterdam, The Netherlands, 2022. [Google Scholar]

	



Liu, X.; Yue, Z.; Romeo, T.; Weber, J.; Scheuermann, T.; Moulton, S.; Wallace, G. Biofunctionalized anti-corrosive silane coatings for magnesium alloys. Acta Biomater. 2013, 9, 8671–8677. [Google Scholar] [CrossRef] [PubMed]

	



Cao, J.; Zhao, D.; Qin, Y. Novel strategy for fabrication of sensing layer on thiol-functionalized fiber-optic tapers and their application as SERS probes. Talanta 2019, 194, 895–902. [Google Scholar] [CrossRef] [PubMed]

	



Haleem, A.; Javaid, M.; Singh, R.P.; Suman, R.; Rab, S. Biosensors applications in medical field: A brief review. Sens. Int. 2021, 2, 100100. [Google Scholar] [CrossRef]

	



Asenath Smith, E.; Chen, W. How To Prevent the Loss of Surface Functionality Derived from Aminosilanes. Langmuir 2008, 24, 12405–12409. [Google Scholar] [CrossRef]

	



Hijazi, M.; Stambouli, V.; Rieu, M.; Barnier, V.; Tournier, G.; Demes, T.; Viricelle, J.-P.; Pijolat, C. Synthesis and characterization of tin dioxide thick film modified by APTES in vapor and liquid phases. J. Mater. Sci. 2018, 53, 727–738. [Google Scholar] [CrossRef]

	



Miranda, A.; Martínez, L.; De Beule, P.A.A. Facile synthesis of an aminopropylsilane layer on Si/SiO2 substrates using ethanol as APTES solvent. MethodsX 2020, 7, 100931. [Google Scholar] [CrossRef]

	



Issa, A.A.; Luyt, A.S. Kinetics of Alkoxysilanes and Organoalkoxysilanes Polymerization: A Review. Polymers 2019, 11, 537. [Google Scholar] [CrossRef]

	



Antoniou, M.; Tsounidi, D.; Petrou, P.S.; Beltsios, K.G.; Kakabakos, S.E. Functionalization of silicon dioxide and silicon nitride surfaces with aminosilanes for optical biosensing applications. Med. Dev. Sens. 2020, 3, e10072. [Google Scholar] [CrossRef]

	



Gunda, N.S.K.; Singh, M.; Norman, L.; Kaur, K.; Mitra, S.K. Optimization and characterization of biomolecule immobilization on silicon substrates using (3-aminopropyl)triethoxysilane (APTES) and glutaraldehyde linker. Appl. Surf. Sci. 2014, 305, 522–530. [Google Scholar] [CrossRef]

	



Bauer, F.; Czihal, S.; Bertmer, M.; Decker, U.; Naumov, S.; Wassersleben, S.; Enke, D. Water-based functionalization of mesoporous siliceous materials, Part 1: Morphology and stability of grafted 3-aminopropyltriethoxysilane. Microporous Mesoporous Mater. 2017, 250, 221–231. [Google Scholar] [CrossRef]

	



Pujari, S.P.; Scheres, L.; Marcelis, A.T.M.; Zuilhof, H. Covalent Surface Modification of Oxide Surfaces. Angew. Chem. Int. Ed. 2014, 53, 6322–6356. [Google Scholar] [CrossRef] [PubMed]

	



Ahangaran, F.; Navarchian, A.H. Recent advances in chemical surface modification of metal oxide nanoparticles with silane coupling agents: A review. Adv. Colloid Interface Sci. 2020, 286, 102298. [Google Scholar] [CrossRef] [PubMed]

	



Han, Y.; Mayer, D.; Offenhäusser, A.; Ingebrandt, S. Surface activation of thin silicon oxides by wet cleaning and silanization. Thin Solid Film. 2006, 510, 175–180. [Google Scholar] [CrossRef]

	



Zhang, W.; Lai, E.P.C. Chemical Functionalities of 3-aminopropyltriethoxy-silane for Surface Modification of Metal Oxide Nanoparticles. Silicon 2022, 14, 6535–6545. [Google Scholar] [CrossRef]

	



Grandbois, M.; Beyer, M.; Rief, M.; Clausen-Schaumann, H.; Gaub, H.E. How strong is a covalent bond? Science 1999, 283, 1727–1730. [Google Scholar] [CrossRef]

	



Jonkheijm, P.; Weinrich, D.; Schröder, H.; Niemeyer, C.M.; Waldmann, H. Chemical strategies for generating protein biochips. Angew. Chem. Int. Ed. Engl. 2008, 47, 9618–9647. [Google Scholar] [CrossRef]

	



Şerban, I.; Enesca, A. Metal Oxides-Based Semiconductors for Biosensors Applications. Front. Chem. 2020, 8, 354. [Google Scholar] [CrossRef]

	



Jiao, M.-Z.; Chen, X.-Y.; Hu, K.-X.; Qian, D.-Y.; Zhao, X.-H.; Ding, E.-J. Recent developments of nanomaterials-based conductive type methane sensors. Rare Met. 2021, 40, 1515–1527. [Google Scholar] [CrossRef]

	



Hijazi, M.; Rieu, M.; Stambouli, V.; Tournier, G.; Viricelle, J.-P.; Pijolat, C. Modified SnO2-APTES gas sensor for selective ammonia detection at room temperature. Mater. Today Proc. 2019, 6, 319–322. [Google Scholar] [CrossRef]

	



Wang, C.; Yin, L.; Zhang, L.; Xiang, D.; Gao, R. Metal oxide gas sensors: Sensitivity and influencing factors. Sensors 2010, 10, 2088–2106. [Google Scholar] [CrossRef]

	



Sertel, B.C.; Sonmez, N.A.; Kaya, M.D.; Ozcelik, S. Development of MgO:TiO2 thin films for gas sensor applications. Ceram. Int. 2019, 45, 2917–2921. [Google Scholar] [CrossRef]

	



Comert, B.; Akin, N.; Donmez, M.; Saglam, S.; Ozcelik, S. Titanium Dioxide Thin Films as Methane Gas Sensors. IEEE Sens. J. 2016, 16, 8890–8896. [Google Scholar] [CrossRef]

	



Ngo, A.; Gandhi, P.; Miller, W.G. Frequency that Laboratory Tests Influence Medical Decisions. J. Appl. Lab. Med. 2017, 1, 410–414. [Google Scholar] [CrossRef] [PubMed]

	



Chaubey, A.; Malhotra, B.D. Mediated biosensors. Biosens. Bioelectron. 2002, 17, 441–456. [Google Scholar] [CrossRef] [PubMed]

	



Patel, S.; Nanda, R.; Sahoo, S.; Mohapatra, E. Biosensors in Health Care: The Milestones Achieved in Their Development towards Lab-on-Chip-Analysis. Biochem. Res. Int. 2016, 2016, 1–12. [Google Scholar] [CrossRef]

	



Kim, J.; Campbell, A.S.; de Ávila, B.E.-F.; Wang, J. Wearable biosensors for healthcare monitoring. Nat. Biotechnol. 2019, 37, 389–406. [Google Scholar] [CrossRef]

	



Cesewski, E.; Johnson, B.N. Electrochemical biosensors for pathogen detection. Biosens. Bioelectron. 2020, 159, 112214. [Google Scholar] [CrossRef] [PubMed]

	



Thanaraj, M.; Rathanasamy, R.; Jaganathan, K.S. Advancements in Ultra-Sensitive Nanoelectronic Biosensors for Medical Applications. Curr. Nanosci. 2021, 17, 679–693. [Google Scholar] [CrossRef]

	



Rasmi, Y.; Li, X.; Khan, J.; Ozer, T.; Choi, J.R. Emerging point-of-care biosensors for rapid diagnosis of COVID-19: Current progress, challenges, and future prospects. Anal. Bioanal. Chem. 2021, 413, 4137–4159. [Google Scholar] [CrossRef]

	



Sridevi, S.; Vasu, K.S.; Asokan, S.; Sood, A.K. Sensitive detection of C-reactive protein using optical fiber Bragg gratings. Biosens. Bioelectron. 2015, 65, 251–256. [Google Scholar] [CrossRef]

	



Arshavsky-Graham, S.; Urmann, K.; Salama, R.; Massad-Ivanir, N.; Walter, J.-G.; Scheper, T.; Segal, E. Aptamers vs. antibodies as capture probes in optical porous silicon biosensors. Analyst 2020, 145, 4991–5003. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.-H.; Lee, Y.; Lee, S.K.; Kim, J.; Lee, C.-S.; Kim, N.H.; Kim, H.G. Versatile role of ACE2-based biosensors for detection of SARS-CoV-2 variants and neutralizing antibodies. Biosens. Bioelectron. 2022, 203, 114034. [Google Scholar] [CrossRef]

	



Gaudin, V. Advances in biosensor development for the screening of antibiotic residues in food products of animal origin—A comprehensive review. Biosens. Bioelectron. 2017, 90, 363–377. [Google Scholar] [CrossRef]

	



Bazin, I.; Tria, S.A.; Hayat, A.; Marty, J.-L. New biorecognition molecules in biosensors for the detection of toxins. Biosens. Bioelectron. 2017, 87, 285–298. [Google Scholar] [CrossRef] [PubMed]

	



Gong, C.; Fan, Y.; Zhao, H. Recent advances and perspectives of enzyme-based optical biosensing for organophosphorus pesticides detection. Talanta 2022, 240, 123145. [Google Scholar] [CrossRef] [PubMed]

	



Villalonga, A.; Pérez-Calabuig, A.M.; Villalonga, R. Electrochemical biosensors based on nucleic acid aptamers. Anal. Bioanal. Chem. 2020, 412, 55–72. [Google Scholar] [CrossRef]

	



Wang, Q.; Wang, J.; Huang, Y.; Du, Y.; Zhang, Y.; Cui, Y.; Kong, D.-m. Development of the DNA-based biosensors for high performance in detection of molecular biomarkers: More rapid, sensitive, and universal. Biosens. Bioelectron. 2022, 197, 113739. [Google Scholar] [CrossRef]

	



Gupta, N.; Renugopalakrishnan, V.; Liepmann, D.; Paulmurugan, R.; Malhotra, B.D. Cell-based biosensors: Recent trends, challenges and future perspectives. Biosens. Bioelectron. 2019, 141, 111435. [Google Scholar] [CrossRef] [PubMed]

	



Holzinger, M.; Buzzetti, P.H.M.; Cosnier, S. Polymers and nano-objects, a rational combination for developing health monitoring biosensors. Sens. Actuators B Chem. 2021, 348, 130700. [Google Scholar] [CrossRef]

	



Ertürk, G.; Mattiasson, B. Molecular Imprinting Techniques Used for the Preparation of Biosensors. Sensors 2017, 17, 288. [Google Scholar] [CrossRef]

	



Park, R.; Jeon, S.; Jeong, J.; Park, S.Y.; Han, D.W.; Hong, S.W. Recent Advances of Point-of-Care Devices Integrated with Molecularly Imprinted Polymers-Based Biosensors: From Biomolecule Sensing Design to Intraoral Fluid Testing. Biosensors 2022, 12, 136. [Google Scholar] [CrossRef] [PubMed]

	



Zhuravlev, L.T. The surface chemistry of amorphous silica. Zhuravlev model. Colloids Surf. A Physicochem. Eng. Asp. 2000, 173, 1–38. [Google Scholar] [CrossRef]

	



Zhu, M.; Lerum, M.Z.; Chen, W. How To Prepare Reproducible, Homogeneous, and Hydrolytically Stable Aminosilane-Derived Layers on Silica. Langmuir 2012, 28, 416–423. [Google Scholar] [CrossRef] [PubMed]

	



Aissaoui, N.; Bergaoui, L.; Landoulsi, J.; Lambert, J.-F.; Boujday, S. Silane Layers on Silicon Surfaces: Mechanism of Interaction, Stability, and Influence on Protein Adsorption. Langmuir 2012, 28, 656–665. [Google Scholar] [CrossRef]

	



Luchansky, M.S.; Washburn, A.L.; Martin, T.A.; Iqbal, M.; Gunn, L.C.; Bailey, R.C. Characterization of the evanescent field profile and bound mass sensitivity of a label-free silicon photonic microring resonator biosensing platform. Biosens. Bioelectron. 2010, 26, 1283–1291. [Google Scholar] [CrossRef]

	



Agnarsson, B.; Ingthorsson, S.; Gudjonsson, T.; Leosson, K. Evanescent-wave fluorescence microscopy using symmetric planar waveguides. Opt. Express 2009, 17, 5075–5082. [Google Scholar] [CrossRef]

	



Daniel Axelrod, J.; Davidson, M.W. Evanescent Field Penetration Depth—Java Tutorial; Olympus LS: Tokyo, Japan, 2021. [Google Scholar]

	



Arnfinnsdottir, N.B.; Chapman, C.A.; Bailey, R.C.; Aksnes, A.; Stokke, B.T. Impact of Silanization Parameters and Antibody Immobilization Strategy on Binding Capacity of Photonic Ring Resonators. Sensors 2020, 20, 3163. [Google Scholar] [CrossRef]

	



Klages, C.-P.; Raev, V.; Murugan, D.; Sai, V.V.R. Argon–water DBD pretreatment and vapor-phase silanization of silica: Comparison with wet-chemical processes. Plasma Process. Polym. 2020, 17, 1900265. [Google Scholar] [CrossRef]

	



Lee, A.S.; Choi, S.-S.; Baek, K.-Y.; Hwang, S.S. Hydrolysis kinetics of a sol-gel equilibrium yielding ladder-like polysilsesquioxanes. Inorg. Chem. Commun. 2016, 73, 7–11. [Google Scholar] [CrossRef]

	



Rozlosnik, N.; Gerstenberg, M.C.; Larsen, N.B. Effect of Solvents and Concentration on the Formation of a Self-Assembled Monolayer of Octadecylsiloxane on Silicon (001). Langmuir 2003, 19, 1182–1188. [Google Scholar] [CrossRef]

	



Pasternack, R.M.; Rivillon Amy, S.; Chabal, Y.J. Attachment of 3-(Aminopropyl)triethoxysilane on Silicon Oxide Surfaces: Dependence on Solution Temperature. Langmuir 2008, 24, 12963–12971. [Google Scholar] [CrossRef] [PubMed]

	



McGovern, M.E.; Kallury, K.M.R.; Thompson, M. Role of Solvent on the Silanization of Glass with Octadecyltrichlorosilane. Langmuir 1994, 10, 3607–3614. [Google Scholar] [CrossRef]

	



Issa, A.A.; Elazazy, M.S.; Luyt, A.S. Polymerization of 3-cyanopropyl (triethoxy) silane: A kinetic study using gas chromatography. Int. J. Chem. Kinet. 2018, 50, 846–855. [Google Scholar] [CrossRef]

	



Fadeev, A.Y.; McCarthy, T.J. Self-Assembly Is Not the Only Reaction Possible between Alkyltrichlorosilanes and Surfaces:  Monomolecular and Oligomeric Covalently Attached Layers of Dichloro- and Trichloroalkylsilanes on Silicon. Langmuir 2000, 16, 7268–7274. [Google Scholar] [CrossRef]

	



Gauthier, S.; Aimé, J.P.; Bouhacina, T.; Attias, A.J.; Desbat, B. Study of Grafted Silane Molecules on Silica Surface with an Atomic Force Microscope. Langmuir 1996, 12, 5126–5137. [Google Scholar] [CrossRef]

	



Wen, K.; Maoz, R.; Cohen, H.; Sagiv, J.; Gibaud, A.; Desert, A.; Ocko, B.M. Postassembly Chemical Modification of a Highly Ordered Organosilane Multilayer: New Insights into the Structure, Bonding, and Dynamics of Self-Assembling Silane Monolayers. ACS Nano 2008, 2, 579–599. [Google Scholar] [CrossRef] [PubMed]

	



Manifar, T.; Rezaee, A.; Sheikhzadeh, M.; Mittler, S. Formation of uniform self-assembly monolayers by choosing the right solvent: OTS on silicon wafer, a case study. Appl. Surf. Sci. 2008, 254, 4611–4619. [Google Scholar] [CrossRef]

	



Heiney, P.A.; Grüneberg, K.; Fang, J.; Dulcey, C.; Shashidhar, R. Structure and Growth of Chromophore-Functionalized (3-Aminopropyl)triethoxysilane Self-Assembled on Silicon. Langmuir 2000, 16, 2651–2657. [Google Scholar] [CrossRef]

	



Vandenberg, E.T.; Bertilsson, L.; Liedberg, B.; Uvdal, K.; Erlandsson, R.; Elwing, H.; Lundström, I. Structure of 3-aminopropyl triethoxy silane on silicon oxide. J. Colloid Interface Sci. 1991, 147, 103–118. [Google Scholar] [CrossRef]

	



Kanan, S.M.; Tze, W.T.Y.; Tripp, C.P. Method to Double the Surface Concentration and Control the Orientation of Adsorbed (3-Aminopropyl)dimethylethoxysilane on Silica Powders and Glass Slides. Langmuir 2002, 18, 6623–6627. [Google Scholar] [CrossRef]

	



Martin, H.J.; Schulz, K.H.; Bumgardner, J.D.; Walters, K.B. XPS Study on the Use of 3-Aminopropyltriethoxysilane to Bond Chitosan to a Titanium Surface. Langmuir 2007, 23, 6645–6651. [Google Scholar] [CrossRef] [PubMed]

	



Meroni, D.; Lo Presti, L.; Di Liberto, G.; Ceotto, M.; Acres, R.G.; Prince, K.C.; Bellani, R.; Soliveri, G.; Ardizzone, S. A Close Look at the Structure of the TiO2-APTES Interface in Hybrid Nanomaterials and Its Degradation Pathway: An Experimental and Theoretical Study. J. Phys. Chem. C 2017, 121, 430–440. [Google Scholar] [CrossRef] [PubMed]

	



Yadav, A.R.; Sriram, R.; Carter, J.A.; Miller, B.L. Comparative study of solution-phase and vapor-phase deposition of aminosilanes on silicon dioxide surfaces. Mater. Sci. Eng. C Mater. BBiol. Appl. 2014, 35, 283–290. [Google Scholar] [CrossRef] [PubMed]

	



Liang, Y.; Huang, J.; Zang, P.; Kim, J.; Hu, W. Molecular layer deposition of APTES on silicon nanowire biosensors: Surface characterization, stability and pH response. Appl. Surf. Sci. 2014, 322, 202–208. [Google Scholar] [CrossRef]

	



Zhang, F.; Sautter, K.; Larsen, A.M.; Findley, D.A.; Davis, R.C.; Samha, H.; Linford, M.R. Chemical Vapor Deposition of Three Aminosilanes on Silicon Dioxide: Surface Characterization, Stability, Effects of Silane Concentration, and Cyanine Dye Adsorption. Langmuir 2010, 26, 14648–14654. [Google Scholar] [CrossRef]

	



Yuan, X.; Wolf, N.; Mayer, D.; Offenha?usser, A.; Wo?rdenweber, R. Vapor-Phase Deposition and Electronic Characterization of 3-Aminopropyltriethoxysilane Self-Assembled Monolayers on Silicon Dioxide. Langmuir 2019, 35, 8183–8190. [Google Scholar] [CrossRef]

	



Dietrich, P.M.; Streeck, C.; Glamsch, S.; Ehlert, C.; Lippitz, A.; Nutsch, A.; Kulak, N.; Beckhoff, B.; Unger, W.E.S. Quantification of Silane Molecules on Oxidized Silicon: Are there Options for a Traceable and Absolute Determination? Anal. Chem. 2015, 87, 10117–10124. [Google Scholar] [CrossRef]

	



Manesse, M.; Sanjines, R.; Stambouli, V.; Jorel, C.; Pelissier, B.; Pisarek, M.; Boukherroub, R.; Szunerits, S. Preparation and Characterization of Silver Substrates Coated with Antimony-Doped SnO2 Thin Films for Surface Plasmon Resonance Studies. Langmuir 2009, 25, 8036–8041. [Google Scholar] [CrossRef]

	



Howarter, J.A.; Youngblood, J.P. Optimization of Silica Silanization by 3-Aminopropyltriethoxysilane. Langmuir 2006, 22, 11142–11147. [Google Scholar] [CrossRef]

	



Mitchon, L.N.; White, J.M. Growth and Analysis of Octadecylsiloxane Monolayers on Al2O3 (0001). Langmuir 2006, 22, 6549–6554. [Google Scholar] [CrossRef]

	



Popat, K.C.; Johnson, R.W.; Desai, T.A. Characterization of vapor deposited thin silane films on silicon substrates for biomedical microdevices. Surf. Coat. Technol. 2002, 154, 253–261. [Google Scholar] [CrossRef]

	



Maria Chong, A.S.; Zhao, X.S. Functionalization of SBA-15 with APTES and Characterization of Functionalized Materials. J. Phys. Chem. B 2003, 107, 12650–12657. [Google Scholar] [CrossRef]

	



Yuan, X.; Wolf, N.; Hondrich, T.J.J.; Shokoohimehr, P.; Milos, F.; Glass, M.; Mayer, D.; Maybeck, V.; Prömpers, M.; Offenhäusser, A.; et al. Engineering Biocompatible Interfaces via Combinations of Oxide Films and Organic Self-Assembled Monolayers. ACS Appl. Mater. Interfaces 2020, 12, 17121–17129. [Google Scholar] [CrossRef] [PubMed]

	



Rasson, J.; Couniot, N.; Van Overstraeten-Schlögel, N.; Jacques, L.; Francis, L.A.; Flandre, D. Quantitative characterization of biofunctionalization layers by robust image analysis for biosensor applications. Sens. Actuators B Chem. 2016, 222, 980–986. [Google Scholar] [CrossRef]

	



Lowe, R.D.; Pellow, M.A.; Stack, T.D.P.; Chidsey, C.E.D. Deposition of Dense Siloxane Monolayers from Water and Trimethoxyorganosilane Vapor. Langmuir 2011, 27, 9928–9935. [Google Scholar] [CrossRef] [PubMed]

	



Gu, W.; Tripp, C.P. Reaction of Silanes in Supercritical CO2 with TiO2 and Al2O3. Langmuir 2006, 22, 5748–5752. [Google Scholar] [CrossRef]

	



Gao, L.; McCarthy, T.J. A Perfectly Hydrophobic Surface (θA/θR = 180°/180°). J. Am. Chem. Soc. 2006, 128, 9052–9053. [Google Scholar] [CrossRef]

	



Liu, Y.; Li, Y.; Li, X.-M.; He, T. Kinetics of (3-Aminopropyl)triethoxylsilane (APTES) Silanization of Superparamagnetic Iron Oxide Nanoparticles. Langmuir 2013, 29, 15275–15282. [Google Scholar] [CrossRef]

	



Khan, M.Z.H.; Liu, X.; Zhu, J.; Ma, F.; Hu, W.; Liu, X. Electrochemical detection of tyramine with ITO/APTES/ErGO electrode and its application in real sample analysis. Biosens. Bioelectron. 2018, 108, 76–81. [Google Scholar] [CrossRef]

	



Das, J.; Huh, C.-H.; Kwon, K.; Park, S.; Jon, S.; Kim, K.; Yang, H. Comparison of the Nonspecific Binding of DNA-Conjugated Gold Nanoparticles between Polymeric and Monomeric Self-Assembled Monolayers. Langmuir 2009, 25, 235–241. [Google Scholar] [CrossRef]

	



K Karade, V.C.; Sharma, A.; Dhavale, R.P.; Dhavale, R.P.; Shingte, S.R.; Patil, P.S.; Kim, J.H.; Zahn, D.R.T.; Chougale, A.D.; Salvan, G.; et al. APTES monolayer coverage on self-assembled magnetic nanospheres for controlled release of anticancer drug Nintedanib. Sci. Rep. 2021, 11, 5674. [Google Scholar] [CrossRef] [PubMed]

	



Sypabekova, M.; Aitkulov, A.; Blanc, W.; Tosi, D. Reflector-less nanoparticles doped optical fiber biosensor for the detection of proteins: Case thrombin. Biosens. Bioelectron. 2020, 165, 112365. [Google Scholar] [CrossRef] [PubMed]

	



Cras, J.J.; Rowe-Taitt, C.A.; Nivens, D.A.; Ligler, F.S. Comparison of chemical cleaning methods of glass in preparation for silanization. Biosens. Bioelectron. 1999, 14, 683–688. [Google Scholar] [CrossRef]

	



Song, Y.-Y.; Hildebrand, H.; Schmuki, P. Optimized monolayer grafting of 3-aminopropyltriethoxysilane onto amorphous, anatase and rutile TiO2. Surf. Sci. 2010, 604, 346–353. [Google Scholar] [CrossRef]

	



Jani, A.M.M.; Kempson, I.M.; Losic, D.; Voelcker, N.H. Dressing in Layers: Layering Surface Functionalities in Nanoporous Aluminum Oxide Membranes. Angew. Chem. Int. Ed. 2010, 49, 7933–7937. [Google Scholar] [CrossRef] [PubMed]

	



Paxton, W.F.; McAninch, P.T.; Shin, S.H.R.; Brumbach, M.T. Adsorption and fusion of hybrid lipid/polymer vesicles onto 2D and 3D surfaces. Soft Matter. 2018, 14, 8112–8118. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Liu, Z.; Yang, R.; Liu, M.; Yao, J.; Zhang, M.; Li, N.; Yuan, Z.; Jin, M.; Shui, L. A label-free optical immunoassay based on birefringence of liquid crystal for insulin-like growth factor-I sensing. Sens. Actuators B Chem. 2022, 352, 131028. [Google Scholar] [CrossRef]

	



Zhang, F.; Srinivasan, M.P. Self-Assembled Molecular Films of Aminosilanes and Their Immobilization Capacities. Langmuir 2004, 20, 2309–2314. [Google Scholar] [CrossRef]

	



Saini, G.; Trenchevska, O.; Howell, L.J.; Boyd, J.G.; Smith, D.P.; Jain, V.; Linford, M.R. Performance Comparison of Three Chemical Vapor Deposited Aminosilanes in Peptide Synthesis: Effects of Silane on Peptide Stability and Purity. Langmuir 2018, 34, 11925–11932. [Google Scholar] [CrossRef]

	



Grasset, F.; Saito, N.; Li, D.; Park, D.; Sakaguchi, I.; Ohashi, N.; Haneda, H.; Roisnel, T.; Mornet, S.; Duguet, E. Surface modification of zinc oxide nanoparticles by aminopropyltriethoxysilane. J. Alloys Compd. 2003, 360, 298–311. [Google Scholar] [CrossRef]








[image: Biosensors 13 00036 g001 550] 





Figure 1. (A) Schematic representation of an APTES molecule, activation, and reaction with the hydroxylated oxide surface in an ideal situation. (B) Chemical interactions involved in APTES grafting on the hydroxylated oxide surface. 
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Figure 2. Solution-based APTES grafting on plain oxide surfaces. A general guideline for making APTES monolayers. 
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Figure 3. Vapor-phase APTES grafting on plain oxide surfaces. A general guideline for producing APTES monolayers. 
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Table 1. List of methods used for inspecting and confirming APTES monolayer and/or multilayer formation on oxide surfaces.






Table 1. List of methods used for inspecting and confirming APTES monolayer and/or multilayer formation on oxide surfaces.





	Method Name
	Brief Description
	Ref.





	Ellipsometer
	Calculates the thickness of each layer formed on the surface after each modification
	[10,44,65,70,71,72]



	Contact angle measurement
	Quantitatively measures the wetting of a modified surface
	[10,14,44,65,70]



	Atomic force microscopy
	Scans and acquires images of the modified surface, estimating the surface roughness
	[10,14,45,65,71,73]



	X-ray photoelectron spectroscopy (XPS)
	Determines quantitative atomic composition and chemistry of the surface; quantitative analysis of the degradation process
	[6,14,64,70,73,74]



	Fluorescence microscopy
	Visualizes the reporter molecules: Alexa Fluor, FITC that are specifically bound to the amine-modified surface
	[10,50,70,74,75,76]



	IR spectroscopy
	Measures absorption, emission, and reflection of the modified surface and determines the functional groups in molecules
	[77,78,79]



	Near-edge X-ray absorption fine structure

(NEXAFS)
	Measures the absorption of an X-ray photon to analyze the matter density of a layer
	[64]



	Fourier transform infrared spectroscopy (FTIR)
	Identifies the chemical composition of the modified surface
	[6,10,14,74,80]



	Zeta potential
	Measures surface charges
	[81]



	Electrochemical
	Measures the electronic transport at the electrode solution interface
	[65,70,82]



	Hydrolytic Stability test
	Identifies the stability of the APTES in the presence of water/buffer
	[10,44,65,71,72]



	Transmission Electron microscope energy-dispersive X-ray spectroscopy (TEM-EDX)
	Identifies the morphology of the particles and performs chemical characterization of the surface.
	[80,83]
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Table 2. APTES grafting methods and characterization results on oxide surfaces.
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	Oxide Surface
	Solution vs Vapor Phase Deposition
	Surface Pre-Treatment
	APTES Deposition
	Post-Treatment
	APTES Monolayer Characterization Results
	Ref.





	TiO2
	solution
	
	-

	
Photo-oxidation by UV irradiation through an iron-halogenide lamp






	
	-

	
2 M of APTES in 150 L Toluene at 80 °C for 2 h, under a dry N2






	
	-

	
Sonication in toluene for 15 min




	-

	
N2 dry






	
	⮚

	
WCA: 55 ± 5°




	⮚

	
AFM surface roughness: 0.75 nm




	⮚

	
XPS thickness: ∼5.3–6.5 Å






	[64]



	TiO2
	solution
	
	-

	
Anodization (hydroxylation) in 1 M H2SO4 at 20 V for 20 min






	
	-

	
0.001, 0.01, 0.1, 1.0, 10, or 100 mM of APTES in toluene (50 mL) at 25 °C, 50 °C, 70 °C or 90 °C in a water bath for 0.5, 1, 3, 5, 8 or 24 h.






	
	-

	
Rinsed with toluene, followed by acetone and ethanol,




	-

	
Bake at 70 °C






	
	⮚

	
Longer incubation times (>8 h) at lower APTES concentrations (0.01-10 mM) formed an optimal stable monolayer surface coverage.




	⮚

	
Different attachment modes of APTES confirmed with XPS






	[86]



	SiO2
	solution
	
	-

	
Piranha treatment 45 min




	-

	
Rinse with H2O




	-

	
Bake at 110 °C for 30 min






	
	-

	
0.5 mL of APTES in 25 mL toluene inside Schlenk flask under N2 purge at 70 °C for 24 h






	
	-

	
Rinse with toluene (x2), ethanol (x2), and water (x2)




	-

	
Bake at 110 °C for 15 min






	
	⮚

	
Thicker and more variable silane layers with more moisture




	⮚

	
Ellipsometry: thickness 23 Å, after hydrolysis 8 Å




	⮚

	
WCA: 32°






	[44]



	SiO2
	Solution
	
	-

	
Piranha treatment 30 min




	-

	
Rinse with H2O




	-

	
Dry with N2 gas






	
	-

	
1, 10, or 33% APTES in toluene in a sealed vial at 25 °C or 75 °C for 1, 24, or 72 h






	
	-

	
Rinse with toluene, methanol, and water






	
	⮚

	
AFM surface roughness: 0.53 nm (at 1% APTES, 1 h incubation)




	⮚

	
Ellipsometry thickness: 1.5 nm




	⮚

	
WCA: 60–68°




	⮚

	
Increasing the incubation time increased the APTES film thickness




	⮚

	
Film quality did not show strong temperature dependence for 1 h reaction






	[71]



	SiO2
	Solution
	
	-

	
1:1 HF/H2O solution




	-

	
Standard SC1/SC2 RCA cleaning method






	
	-

	
0.1% solution of APTES in toluene inside a dry nitrogen-purged glovebox at room temperature, 50 °C, and 70 °C for 2 min-48 h






	
	-

	
Rinse with toluene




	-

	
Sonicate in toluene for 5 min






	
	⮚

	
Higher temperatures exhibited denser packing of the propyl chains




	⮚

	
More covalent bond formation between the APTES molecules for treatment at 70 °C 49 min




	⮚

	
Surface thickness: 1.8 nm, 2–2.5 layers of monolayer




	⮚

	
AFM surface roughness: 0.3 nm




	⮚

	
Hydrolytic stability: 50% degradation of the films after 6 h






	[53]



	SiO2
	Solution
	
	-

	
Piranha treatment 15 min




	-

	
Rinse with H2O




	-

	
Dry with N2 gas




	-

	
Oxygen plasma 10 min




	-

	
Rinse with H2O




	-

	
Dry with N2 gas




	-

	
Bake at 110 °C for 1 h






	
	-

	
2% APTES in toluene at 100–120 °C for up to 12 h






	
	-

	
Rinse with toluene




	-

	
Bake at 110 °C for 1 h






	
	⮚

	
Monolayer of silane: 2% APTES, incubation for 1 h




	⮚

	
WCA: 63°




	⮚

	
AFM surface roughness: 0.69 nm






	[10]



	SiO2
	Solution
	
	-

	
3:7 solution of ethanol to 10 M sodium hydroxide for 30 min on an orbital shaker




	-

	
Rinse with H2O




	-

	
Dry with N2 gas




	-

	
Piranha treatment 30 min




	-

	
Rinse with H2O




	-

	
Dry with N2 gas






	
	-

	
1% APTES in toluene at room temperature and at 70 °C




	-

	
1/500 dilution of stock solution (50% methanol, 47.5% APTES and 2.5% nanopure water) in methanol






	
	-

	
Rinsed with toluene




	-

	
N2 dry




	-

	
Bake at 70 °C 30 min






	
	⮚

	
Two- and three-dimensional polymer networks observed in toluene solutions at room temperature and at 70 °C.




	
Room T incubation: loss of APTES films in the presence of both the buffer and protein



	
Spectroscopic ellipsometry thickness: 26 Å and 26.6 Å, respectively



	
Hydrolytic stability: 21 h/8 Å and 1 h/3.7 Å, respectively



	
AFM surface roughness:0.3 nm and 19.99 Å, respectively









	⮚

	
APTES monolayer was observed from methanol-based stock solution.




	
Spectroscopic ellipsometry thickness: 8 Å



	
AFM surface roughness: 0.2 nm



	
Hydrolytic stability: 1 h/3.7 Å; WCA: 45–60 °











	[65]



	SiO2
	Solution
	
	-

	
Piranha treatment 1 h




	-

	
Rinse with H2O




	-

	
Bake 110 °C 30 min






	
	-

	
0.5 mL APTES in 25 mL toluene under N2 at 70 °C for 3 h






	
	-

	
Rinse with toluene (2x times), ETOH (2x times), and water (2x times)




	-

	
Bake at 110 °C for 15 min






	
	⮚

	
Trace amount of water present in toluene and on glassware was sufficient for the APTES layers formation.




	⮚

	
Monolayer formation at 3 h: 10 Å thickness; WCA: 38–43°




	⮚

	
Hydrolytic stability: complete loss of attached silane layers upon water immersion i.e., not stable




	⮚

	
APTES layers prepared at longer silanization times were thicker due to the formation of multilayers: 19 h: 57 Å; WCA: 15–22°




	⮚

	
Hydrolytic stability: complete loss of attached silane layers upon water immersion






	[5]



	SiO2
	Solution
	
	-

	
Sonication in acetone 10 min, acetone/ethanol 50/50 for 10 min




	-

	
Rinse with H2O




	-

	
Piranha treatment 15 min




	-

	
Rinse with H2O




	-

	
Dry with N2 gas




	-

	
UV-ozone cleaner 2 h






	
	-

	
50 mM of APTES in toluene immersion times varying from 1 to 24 h at 90 °C and room temperature






	
	-

	
Sonicated for 10 min in anhydrous toluene




	-

	
N2 dry




	-

	
Bake at 90 °C for 2 h






	
	⮚

	
IR spectra analysis: amine terminal groups and protonated amine groups were present after APTES treatment




	⮚

	
WCA: 63–65°




	⮚

	
Hydrolytic stability/AFM surface roughness:




	
Room T incubation: loss of APTES films in the presence of both the buffer and protein solutions measured between 10 min and 12 h/3.14 nm, many agglomerates



	
90 °C incubation: no significant detachment/1.28 nm, no agglomerates











	[45]



	SiO2
	Solution
	
	-

	
Plasma cleaning 2 min






	
	-

	
APTES (1–4%) in either 96% ethanol or 1 mM acetic acid in deionized water




	-

	
Incubated for 10–60 min






	
	-

	
NA






	
	⮚

	
AFM surface roughness:




	
1 mM acetic acid: 0.1 nm, did not promote extensive APTES self-polymerization, uniform coverage



	
96% ethanol: 0.08–0.55 nm for incubations 10–60 min,









	⮚

	
Silanization of ring resonator chips:




	
1 mM acetic acid: change in resonance frequency was initially quick, followed by a less rapid increase, after final rinse the change was similar for all concentrations of APTES (1–4%); monolayer



	
96% ethanol: smaller initial change, followed by a more strongly time-dependent increase, after final rinse the change was proportional to concentrations of APTES (1–4%); multilayer











	[49]



	SiO2
	Solution
	
	-

	
Piranha treatment 20min




	-

	
Rinse with H2O




	-

	
Dry with N2 gas






	
	-

	
2–5% APTES in absolute ethanol for 20 min at room temperature






	
	-

	
Rinse with distilled water




	-

	
N2 dry




	-

	
Bake 120 °C for 20 min






	
	⮚

	
Maximum plateau fluorescence signal values were obtained for APTES concentration in water equal to or greater than 2% (v/v), and APTES concentration in ethanol equal to or greater than 5% (v/v).




	⮚

	
20-min incubation was optimal for the aqueous APTES protocol and a 60-min incubation for APTES in ethanol






	[9]



	SiO2
	Solution
	
	-

	
2% (w/v) SDS treatment for overnight




	-

	
Rinse with H2O




	-

	
Dry with N2 gas




	-

	
UV-ozone cleaner 10 min at 50 °C




	-

	
Immersion in CH3OH/HCl (1:1) mixture for 30 min at room temperature






	
	-

	
1–10% of APTES in ethanol for 20 min and 60 min






	
	-

	
Rinse with 6% acetic acid for 20 min






	
	⮚

	
XPS: N was three times and C were two times larger i.e., more than 1 monolayer of APTES.




	⮚

	
increasing the APTES concentration and reaction time did not significantly influence the multilayer formation.




	⮚

	
6% acetic acid effectively removed the APTES multilayer, leaving the surface with a monolayer APTES characteristic.






	[7]



	SiO2
	Vapor (YES CVD)
	
	-

	
Washed with soap and water, 2-propanol, and acetone




	-

	
Dry with N2 gas




	-

	
Plasma cleaning/activation




	-

	
N2 purge






	
	-

	
APTES introduction at 150 °C for 5 min






	
	-

	
3 cycles of N2 gas purges






	
	⮚

	
Surface thickness: 0.66 ± 0.05 nm




	⮚

	
AFM surface roughness: 0.152 ± 0.005 nm




	⮚

	
WCA: 44°




	⮚

	
Stability in pH 10 buffer:




	
20% nitrogen loss after 2 h









	⮚

	
30–35% nitrogen loss after 4 h






	[12]



	SiO2
	Vapor (YES CVD)
	
	-

	
Oxygen plasma cleaning/activation for 10 min




	-

	
Surface hydration with 500 L of water






	
	-

	
500 L of APTES introduced under half-atmosphere N2 (500 Torr) at 150 °C for 10 min






	
	-

	
Several N2 purges






	
	⮚

	
Surface thickness: 0.42 ± 0.03 nm




	⮚

	
AFM surface roughness: 0.22 nm




	⮚

	
WCA: 40 ± 1°




	⮚

	
Hydrolytic stability: 50–70% of APTES layer retained after 1 h






	[53]



	SiO2
	Vapor (YES CVD)
	
	-

	
Cleaned/hydroxylated with piranha solution at 85 °C for 30 min




	-

	
Dry with N2






	
	-

	
2 mL of APTES introduced at 150 °C for 30 min






	
	-

	
NA






	
	⮚

	
Surface thickness: 0.65 ± 0.04 nm




	⮚

	
AFM surface roughness: 0.239 nm




	⮚

	
WCA: 44 ± 2°






	[89]



	SiO2
	Vapor (CVD)
	
	-

	
Piranha solution submersion for 45 min




	-

	
Water rinse




	-

	
Dry in an oven for 30 min at 110 °C






	
	-

	
Under N2 gas, 500 L of APTES for 24 h at 70 and 90 °C and 48 h at 90 °C






	
	-

	
Rinse with toluene, ethanol, and water




	-

	
Dry in 110 °C oven for 15 min






	
	⮚

	
24 h, 70 °C




	
Surface thickness: 0.6 ± 0.1 nm









	⮚

	
24 h, 90 °C




	
Surface thickness: 0.5 ± 0.1 nm



	
WCA: 50°









	⮚

	
48 h, 90 °C




	
Surface thickness: 0.5 ± 0.1 nm



	
WCA: 51°









	⮚

	
All samples reduced to 0.3 nm thickness after 24 h in water, indicating a low-density monolayer






	[14]



	SiO2
	Vapor (MLD)
	
	-

	
Piranha solution submersion for 30 s




	-

	
DI water rinse




	-

	
Dry with N2






	
	-

	
5, 10, 25 sec APTES and water vapor pulses with N2 carrier gas at 50 sccm






	
	-

	
60 s N2 purge




	-

	
Hydrolysis for 12 h






	
	⮚

	
Five pulses




	
Surface thickness: 0.8 ± 0.1 nm



	
WCA: 34 ± 1°



	
AFM surface roughness: 0.176 nm









	⮚

	
Ten pulses




	
Surface thickness: 0.7 ± 0.1 nm



	
WCA: 47 ± 2°



	
AFM surface roughness: 0.172 nm









	⮚

	
20 pulses




	
Surface thickness: 0.7 ± 0.1 nm



	
WCA: 47 ± 1°









	⮚

	
AFM surface roughness: 0.186 nm






	[88]



	SiO2
	Vapor (MLD)
	
	-

	
5 min acetone ultrasonic bath




	-

	
5 min IPA ultrasonic bath




	-

	
Cleaning/activation with oxygen plasma






	
	-

	
300 L of APTES introduced via argon carrier gas at 27 sccm; process pressure of 0.375 Torr and reaction time of 10 min






	
	-

	
Argon removed and pressure reduced to 75*10−7 Torr for 24 h






	
	⮚

	
Surface thickness: 0.71 nm




	⮚

	
WCA: 63.9°






	[66]
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Table 3. APTES grafting methods and characterization results on NP’s surface.
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Oxide Surface

	
Solution vs Vapor Phase Deposition

	
Surface Pre-Treatment

	
APTES Deposition

	
Post-Treatment

	
APTES Monolayer Characterization Results

	
Ref.






	
Fe2O3 NPs

	
Solution

	

	-

	
NA







	

	-

	
NP’s dispersed in water (100 mL) and then APTES (0.2 or 2 mL) was added, stirring at 30 or 70 °C.




	-

	
NP’s dispersed 100 mL in methanol, APTES (0.2 or 2 mL) was added, stirring at 30 or 70 °C under N2.







	

	-

	
Rinse with ethanol




	-

	
Rotary evaporation dry




	-

	
Bake 60 °C for 24 h







	

	⮚

	
Thermal gravimetric analysis: estimation of silane grafting densities (Dg); at 70 °C: Dg increased within the first 1h incubation for 0.2 and 2% APTES; at 30 °C: Dg increase was dependent on APTES concentration




	⮚

	
The use of different solvents does not change the kinetics of the silanization process, the degree of silanization depended greatly on the reaction conditions







	
[80]




	
ZnO NPs

	
Solution

	

	-

	
ZnO NPs were dispersed into distilled water (50 mL, pH 6.5), stirred for 1 h







	

	-

	
1 mL of APTES was added (under Ar flow for toluene)




	-

	
pH was increased to 9.7 (or 10.8) and after a few minutes was stabilized to 8.9–9.2 (or 10.4–10.6) for the acid/base condition, stirred for 24 h (under Ar flow for 15 h for toluene)







	

	-

	
Filtration, rinse with alcohol and acetone.




	-

	
Bake at 60 °C under a vacuum







	

	⮚

	
XRD and SEM: APTES coating plays a role in growth inhibitor of NPs




	⮚

	
Acid process: fast grafting controlled by the condensation process.




	⮚

	
Basic process, the starting concentration of silane is an important parameter in controlling the silica contents and the grafting.




	⮚

	
Toluene process, the grafting is controlled by the amount of water on the ZnO nanoparticle surface.




	⮚

	
Photostable NPs







	
[92]




	

	-

	
Dispersed into anhydrous toluene (200 mL) under argon flow, stirred for 1 h







	

	-

	
Filtration, rinse with toluene




	-

	
Bake at 110 °C for 2 h










	
Fe2O3 NPs

	
Solution

	

	-

	
Rinse with methanol and water in the presence of a permanent magnet




	-

	
Dry in a vacuum desiccator







	

	-

	
NP’s dispersed 100 mL in methanol, 2% APTES, shaking 24 h at 70 °C







	

	-

	
Rinse with methanol and water in the presence of a permanent magnet




	-

	
Dry in a vacuum desiccator







	

	⮚

	
FTIR analysis: coverage with silane, presence of amine groups, conjugation to a drug




	⮚

	
Ninhydrin colorimetric assay: fractional monolayer coverage 96.6%




	⮚

	
XPS analysis: interlinking silane molecules on the NP surface







	
[83]
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