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Gold/Silica biochips: applications to Surface Plasmon Resonance and fluorescence quenching

We report Gold/Silica biochips for low cost biosensor devices. Firstly, the study of biochemical interactions on silica by means of Surface Plasmon Resonance (SPR) is presented. Secondly, Gold/Silica biochips are employed to reduce the strong quenching that occurs when a fluorophore is close to the gold surface. Furthermore, the control of the Silicalike thickness allows optimizing the distance between the metallic surface and the fluorophore in order to enhance the fluorescent signal. These results represent the first steps towards highly sensitive, specific and low cost biosensors based, for example, on Surface Plasmon Coupled Emission (SPCE) techniques.

Introduction

Over the past decade optical biosensors have been largely developed to study biomolecular interactions. The most important characteristics of biosensors are specificity and sensitivity. Specificity strongly depends on the biospecific interface of biosensors.

Biorecognition processes and non-specific interactions depend on the (i) surface of material, (ii) chemical functionalization and (iii) biomolecular grafting. Sensitivity depends not only on the (bio)-functionalizations but also on the biosensor architecture and transduction elements.

Nowadays, techniques based on Surface Plasmon Resonance (SPR) [1] are largely used because they present a high degree of sensitivity. In this case, local change in the refractive index inside the evanescent-field region of the plasmon mode shifts the resonance angle. An angular shift of approximately 1×10 -4 degree corresponds typically to the adsorption of a biological film of about 100 pg/cm 2 [2,3]. However, this technology comprises some limitations. It is well known that gold interfaces are subject to irreversible and degradative adsorption of proteins and require functionalization processes to prevent it [4]. Gold interface requires thiol-based self-assembly processes in order to build biomolecular architectures which could limit the variety of functionnalization processes. We have also to consider that a wide range of development in the field of biochip deals with the construction of molecular architectures based on silane coupling chemistries on silicon dioxide substrates. Until recently, these developments cannot take benefit of the SPR investigations. Few studies have tried to overcome this problem by chemical treating the gold surface directly or by deposing thin silicon dioxide layers. Thus a stable silica film on noble metal has been generated by applying sol-gel chemistry process [5] or through physical approaches as electron-beam evaporation [6]. Surface plasmon resonance phenomenon is extremely dependent from variations of the refractive index of the medium above the gold surface changes in a cushion of about 100 nm thickness and shift in angle is relatively limited. For instance, development of Au/SiOx chips compatible with SPR measurements requires a critical combination; namely controlling the deposition of films at a nanometer scale, their stability and reactivity while preserving the ability of the system to monitor further biomass transfer at the interface. In this way, remarkable works have been carried out recently dealing with the fabrication and characterization of stable thin film of amorphous silica deposited on SPR gold chip using the plasma-enhanced chemical vapour deposition (PECVD) technique [7][8]. In these studies, only 10 nm of silicon dioxide was deposited onto gold surface without using an adhesion layer, leading to electrochemical surface plasmon resonance works with a commercial apparatus. Such thin layer of SiOx seems to be enough for a complete passivation of the gold layer and presents stable chemical and mechanical properties. We purpose an alternative of the previous process devoted to the conception and realization of gold/SiOx biochips compatible, in our case, with Biacore™ technology, the leader company in SPR biosensors. Afterward, the functionalization would be directly applied to simple silica substrates. SPR is not the only method for studying biochemical interactions. A lot of optical techniques based on fluorescence [9], Fluorescence Resonance Energy Transfer (FRET) [10],

or Surface Enhanced Raman Spectroscopy (SERS) [START_REF] Stuart | Proceedings .SPIE[END_REF] are widely investigated. A very large panel of solutions already provides high specificity and sensitivity (classical fluorescent probes, two photon detection, nanosphere, etc). The new challenge in fluorescence detection is to enhance the fluorescence signal and to produce highly directional signals for new highly sensitive biosensors with high signal to noise ratio (optical nanoantenna [START_REF] Kühn | [END_REF], Surface Plasmon Coupled Emission (SPCE) [13,14]). However, quenching usually greatly reduces the intensity of the fluorescence signal when the bio-interaction occurs on a metallic surface.

Again, gold/silica chips would be extremely interesting because they would increase the distance between the fluorescent molecule and the metallic surface of the biosensor.

In this paper, we present the fabrication of gold/silica biochips that offer an alternative to the above mentioned drawbacks concerning SPR and fluorescence sensing. We fabricated 40 nm Au biochip coated with a PECVD silica-like films of various thicknesses at low temperature. In the next part of this paper we present the process used to fabricate the gold/silica biochips as well as some characterisations of the device. In part 3, we report a new opportunity to study biological phenomena on silica layers by means of classical SPR techniques. Here, we present results concerning the fusion of vesicles on a silica surface.

Another aspect is presented in part 4 of the paper. It concerns experiments conducted in order to control the quenching that occurs in the vicinity of a metallic surface. The control of the silica-like thickness allows optimizing the distance between the metal and the fluorophore. This allows suppressing the quenching. It also leads to an enhancement of the fluorescence intensity. Early experimental results show an enhancement factor of 4 compared to what is obtained on pure silica. Then, the conclusion will draw our attention to some perspective to be given to this work.

Fabrication process of gold/silica thin film.

Fabrication process

At first, a 2 nm thick chromium layer is deposited on a SiO 2 wafer (diameter: 13 

Characterization of Gold/silica thin film: roughness and SPR response.

First of all, we tried to estimate the stoechiometry of the silica-like films. An X Photoelectron Spectroscope has been used and we deduce the following composition of the thin films: SiON 0.5 C 0.05 . This composition led us to call our thin films "silica-like". At present, the presence of carbon is not understood. Concerning the complex refractive index of the films, first attempts with ellipsometry are not really conclusive. However, we think that the real part of the refractive index is about 2. Up to now, we have no idea of the value of the imaginary index.

The surface roughness has been analysis with AFM techniques. The AFM used was a Nanoscope III (Veeco, Santa Barbara, CA). Imaging was performed in contact mode using NPS-oxide sharpened silicon nitride probes (Veeco). The surface topography of a 40 nm thick gold thin film and a gold/Silica thin film surface is presented in figure 1. The thickness of the silica film is approximately 10 nm. AFM images demonstrate that gold chips present a rough surface, characterized by globular gold particles with diameters of about 30 nm. Nevertheless, while the gold surface is represented by globular particles, these particles are densely packed and the section profile presents a relatively flat topography, with only 1 to 1.5 nm maximum variation in height. Moreover, the roughness calculated on 1 µm 2 gives value of 0.27 nm, confirming this apparent surface homogeneity. For the Gold/silica biochip, the presence of the silica thin film decreases the size of the globular particle (around 20 nm) and increases the surface roughness (0.7 nm for a 1 μm 2 scan).

However, a minimal surface roughness is useful to generate plasmon resonance, which is highly dependent on gold surface topography. Therefore, we have tested the SPR response of gold chips (40 nm) without silica. Experiments have been conducted with a Biacore ™ 2000 system for which the value of the reflection angle is given in terms of pixels on the CCD sensor. Figure 2 shows the SPR for both commercial and home made chips. We conclude that despite a slight shift of the resonance, our gold chips exhibit a slightly better resonance quality factor than the commercial ones. The SPR response of the gold/silica biochips has been simulated and compared to the experimental records. Figure 3 shows the result. The comparison between theoretical and experimental results provide two important indications: firstly, the gold/silica SPR dip is clearly shifted compared to bare gold surfaces; secondly, the roughness increase due to silica thin film does not dramatically affect the quality factor of the SPR. In conclusion this biochip can now be used to study biochemical interaction on silica with conventional SPR equipment.

SPR lipidic interactions studied on Au/SiOx biochip

Biacore ™ systems, based on SPR, are widely used to study biomolecular interactions on gold surfaces (Protein and DNA chips based on thiols chemistry as a first step of functionalization) [15]. As previously stated, the same investigation would be particularly attractive on silica to study biomolecular response on silica surfaces based on silanols chemistry. Fusion of lipid vesicles onto the functionalized silica surface has been studied by SPR. The goal is to obtain a lipidic hemi membrane conferring bio-mimetic properties to the biochip and being a versatile tool to study biomolecules/lipid interactions. These experiments are in line with works presently developed in our proteomic platform concerning new types of DNA biochips [16]. Figure 4 shows the SPR experimental results of the fusion of lipid vesicles onto a functionalized silica surface by octadecyltrichlorosilanes (OTS). On the top of the figure, the principle of lipidic vesicles fusion onto the silica surface is presented. The curve at the bottom shows a typical Biacore ™ response for such an interaction. The moment when the vesicles are introduced into the microfluidic chip is clearly visible. In fact, the curve represents the shift of SPR reflection angle due to the change of the refractive index of the liquid into which the vesicles are contained. This shift is given in terms of RU (it holds for: Response Unit). After the biochemical reaction is finished (time T 0 +4000 seconds) a buffer is used to wash the chip surface. In this way, only the lipidic layer reconstituted to OTS layer remains. At the end, a final response of 1500 RU indicates an efficient fusion of the vesicles onto the surface. This result clearly demonstrates that SPR can be used to monitor biochemical interactions on silica surfaces.

Fluorescence applications: enhancement of fluorescence signal and suppressing quenching

As mentioned above, silica thin films can be employed to reduce the strong quenching that occurs when a fluorophore is close to a metallic surface [17,18]. Also, the control of the silica thickness allows optimizing the distance between the metallic surface and the fluorophore in order to enhance of the fluorescence signal [19]. These effects have been studied with our biochip, with Cy5 dye deposited by sedimentation on the top of gold/silica chips with several silica thicknesses.

Experimental setup

The experimental setup is described in Figure 5. To obtain a very good uniformity of CY5 coating, the fluorescent dye is deposited by sedimentation on the top of the gold/silica film. The same concentration of CY5 dye is deposited for several chips with the respective silica thicknesses equal to 10, 25, 50, 100 and 150nm. An Olympus IX71 fluorescence optical microscope is used to scan the silica/gold surface. The excitation is set to a mercury vapour lamp couple with a 630+20nm band pass filters. The detection is performed by means of a CCD camera (Sony-HR-XC50) with 670nm fluorescence band pass filters (CHROMA ET700/75M). Then, the average of grey level is computed from 20 images taken with each individual gold/silica chip.

Experiments results and discussion

The top of figure 6 shows the experimental fluorescence intensity (crosses) versus the silica thickness and theoretical modeling of quenching effect (line). The theory is a bit difficult to establish because the exact complex reflection coefficients of sputtered gold and PECVD silica are difficult to estimate. An analytical description of the quenching can be found in reference [20]. For description purposes we can say that the shape of the signal versus silica thickness is due to three main phenomena. For very small silica thicknesses, the quenching is dominant. When the silica thickness increases, a coupling between the fluorescent dipoles and the metal occurs. It is responsible for the exaltation of the fluorescence signal (together with the natural reflection of the fluorescence light onto the metallic surface). It should be noted that this enhancement very likely depends on the nanometric topology of the metal. For thicker silica layers a Fabry-Pérot behaviour can be observed. The rapid decrease of the interference pattern is due to the reduced coherence length of the fluorescence light. Then, and as it can be seen on the bottom of the figure for very thick silica layers, the influence of the metal practically disappears. The asymptotic value corresponds to what would be observed if the Cy5 dye was deposited directly onto a pure silica surface. The ratio (asymptotic value)/(maximum) defines the enhancement factor.

Theoretically, it is equal to 4.3.

Looking at the experimental results, it is clear that with silica thicknesses of 10 or 25 nm, the quenching dramatically reduces the fluorescence emission. The highest fluorescence signal is achieved for a silica thickness equal to 50 nm where the enhancement factor is almost maximal. In order to confirm the fluorescence enhancement, we have compared the fluorescence obtained with a gold/silica chip (50 nm thick silica) with what is observed with a microscope slide. The result is shown in figure 7. Here, 16 pictures have been taken (horizontal axis) at various locations on the chips. The vertical axis represents the average grey levels of the images. The lower data correspond to pure silica while the upper ones to gold/silica chip. The experimental enhancement factor is equal to 3.8. Note that this can be further improved by controlling the roughness of the gold surface (work is being performed).

Conclusion.

In this paper, we have presented a new gold/silica biochip for biosensors applications.

Firstly, biochemical interactions on silica were controlled by means classical SPR Biacore ™ system. We demonstrated the potential of this approach through the reconstitution of lipidic membrane models devoted to, for example, the study of protein/lipidic matrix interactions.

Secondly, the control of the quenching and the enhancement of the fluorescence were demonstrated using these gold/silica biochips. For a silica layer thickness of 50 nm, an enhancement factor of 3.8 was achieved.

Current work is oriented toward two different applications. The influence of the surface roughness of the gold layer on the fluorescence enhancement is currently studied. This should lead to high sensitivity biosensors. At the same time, we are looking at the possibility of using our gold/silica chips in Surface Plasmon Coupled Emission (SPCE). It was proved in literature that SPCE could increase the fluorescence signal by a factor of up to 1000. In this technique, the high directionality of fluorescence emission may greatly improve the signal to noise ratio. Furthermore, the angular position of the SPCE emission peak is strongly wavelength dependent and it is possible to use SPCE as a spectrally resolving technique. In other words, this directional detection allows using different fluorophores at a same time without the use of additional dispersive elements. The idea behind is to fabricate a biosensor that can be used to detect several biochemical reactions simultaneously. 

Figure caption :

Supported lipid monolayer

Vesicles introduction

Film formation Washing

Mangeat -Gold/Silica biochips: applications to Surface Plasmon Resonance and fluorescence quenching 

  mm, thickness: 0,17 mm) with plasma sputtering technology to improve the adherence of gold to the substrate. The 40 nm thick Au layer is then sputtered on the top of the Cr layer. The deposition times and the argon flow pressure have been optimized to obtain the desired thickness. Deposition times of Cr and Au layer are respectively 3 and 22 sec. Argon flow pressure and current intensity are respectively 7 µbar and 0.3 A. With these parameters, the deposition rates of the Au and Cr layers are respectively equal to 109 nm/min and 60 nm/min. Secondly, thin film au silica like layer is deposited on the top of Au layer with Plasma Enhanced Chemical Vaporization Deposition (PECVD) according the following conditions: temperature 24°C; gaz mixture SiH 4 , N 2 O and Arg with the respectively gaz flow 13, 51 and 35 sccm; total pressure in the reactor 0.13mBar and power 54 w at 150kHz. The deposition rate is about 660 Å/min with these experimental conditions. The thickness was controlled by the deposition duration.

Figure 1 :

 1 Figure 1 : Atomic Force Microscopy of the thin films. Top gold only (rms = 0.3 nm).Bottom gold/silica film (rms = 0.7 nm).

Figure 2 :

 2 Figure 2 : Comparison between commercial gold chips and home made chips. Despite a shift of the resonance, our chips exhibit a better resonance quality factor.

Figure 3 :

 3 Figure 3 : SPR response of the gold/silica chips. Top: theoretical estimation. Bottom: experimental result.

Figure 4 :

 4 Figure 4 : SPR control of a biochemical interaction on a silica surface. Top: schematic representation of the reaction. Bottom: Typical Biacore® response.

Figure 5 :

 5 Figure 5 : Experimental set up used for fluorescence experiments.

Figure 6 :

 6 Figure 6 : Experimental and theoretical results of fluorescence quenching and enhancement. Top: comparison between experience and modelling. Bottom: factors of importance that explain the shape of the modelling. Theoretically an enhancement factor of 4.3 can be achieved.

Figure 7 :

 7 Figure 7 : Experimental results of fluorescence enhancement. Upper data: gold/silica chip.Lower data: pure silica microscope slide.
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