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ABSTRACT

We report on chemical, biochemical and physical sensors based on whispering gallery mode resonators. We characterized the resonators, improved the mitigation of fluctuations, and developed different types of optical sensors, labelled and label-free sensors for chemical and biochemical sensing, and pressure, temperature and nanoparticle sensing.
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1. INTRODUCTION

Many novel approaches based on different optically resonant platforms have been developed for the detection of chemicals and biochemicals. We report the use of microspherical whispering gallery mode resonantors (WGMR), solid and hollow, combined with label and label-free techniques for the detection of IgG.  Regarding the aptasensing application, we studied silica microspherical WGMR in a label-free approach. We also propose a new technique for THz sensing by means of a LiNbO3 disc microresonator.  Besides its good sensitivity to high peak THz pulses, its small dimensions are extremely sensitive to temperature shifts due to CW (continuous wave) THz absorption
The microspheres were first functionalized with an epoxy silane then we immobilized an orienting layer (protein G) and finally we covalently bonded IgG labeled with tetramethyl rhodamine isothiocyanate (TRITC) at a concentration of 8 g/l for the label approach. The quality factor of the microspheres was over 106 after the functionalization procedure. Regarding the label-free approach we functionalized first using Eudragit for IgG detection. For the aptasenor case, we functionalized the surface with mercaptopropyltrimethoxysilane (MPTMS). Two different thrombin specific aptamers and one vascular endothelial growth factor (VEGF) specific aptamer were then immobilized on resonator. 

Hollow microresonators or microbubble resonators combine the unique properties of whispering gallery mode resonators with the intrinsic capability of integrated microfluidics. Microbubbles were filled with water and aqueous solutions of ethanol in order to test the refractive index sensing capabilities of such resonators. We observed two-photon fluorescence in microbubbles filled with a 10-6 M solution of Rhodamine 6G. The microbubble diameter was about 510 m, with a Q factor of about 5 107. All measurements were performed in a modified confocal microscope; we coupled the excitation light with a 10x objective and detected the TPF signal with a CCD. The pump laser is a femtosecond Ti:Sapphire (Coherent). The fluorescent signal shows a nonlinear dependence on the pump power, as expected. These results show the great potential of WGMR for nonlinear detection of biological material and organic compounds.
We also detected gold nanoparticle solutions using a photo acoustic approach using hollow WGMR as transducer and vial of the solution, avoid the use of matching liquids for ultrasound detection.
2. Experimental results
In these experiments we employed different lasers: a 1500 nm ECL diode laser source (Tunics Reference, Anritsu) and pigtailed tunable diode laser (TDL) is tunable from 765 nm to 781nm (Velocity, New Focus) directly coupled to the tapered fiber. An external voltage modulation allows changing the frequency output from the laser (300 MHz/V). Light coupling and resonance spectra are observed by detecting the transmission of the tapered fiber. For the signal detecting, a nanosecond IR photodetector (1623, New Focus) is used. Frequency modulation of the laser light occurs by applying an external triangular voltage wave of 10 Vpp, which is generated by means of a National Instruments DAQ board (USB-6211, National Instruments, TX, US). The DAQ board is also used for acquiring the transmitted power through the tapered fiber. Room temperature is monitored though a LM35 (Texas Instruments, TX,US, sensitivity 10 mV/°C), directly connected to the DAQ board. In case of measurements involving the PMMA box, an additional temperature sensor, placed inside the box, is used. 
Regarding the aptasensor, we immobilized two different aptamers for thrombin recognition, TBA-15 and TBA-29, onto the WGMR surfaces and the binding performance of each one was studied. We also performed two different control experiments, the first one consisted in injecting BSA of similar concentration into the flow cell with the aptamer immobilized on the WGMR surface; the second one consisted in injecting thrombin into the flow cell with a non-sense aptamer immobilized on the WGMR surface.
Adding BSA to the flow cell had minimal effect on the WGMR response for the aptasensors, indicating a good selectivity of both aptasensors to thrombin. Thrombin does not bind to the non-sense aptamer. WGMR aptasensors showed fast response, high specificity and good reversibility. It was also shown that WGMR sensors can be used for determining binding kinetics.
For the nonlinear sensing we used an inverted confocal microscope. Due to the impressive average power capability, broad tuning range and short pulse duration we used a commercial diode pumped, mode locked Ti: Sapphire laser  (Coherent-MIRA 900f) for our microscope. It has an average power of 1.2W, producing femtosecond pulses (150fs) at a repetition rate of 76 MHz.  This instrument is tunable over a wavelength range of 690-950nm within which falls the two-photon absorption spectra of many fluorophores. We set the voltage of the galvanometric mirrors to 0 in order to stop the raster scan of the beam and excite the WGM of the microbubble by focusing the laser beam tangential to the bubble wall. The excitation light was filtered by a BG39 Schott filter. The TPF was detected by a CCD (Q-Image) and analyzed with ImageJ.
We characterized the MBR using two different non-destructive techniques, namely, optical confocal reflectance microscopy and aerostatic internal pressure sensing. The first method gives a good estimation whereas the second provides an accurate measurement for both thin and thick bubbles. We also propose a new technique for THz sensing by means of a LiNbO3 disc microresonator. The thermal behavior of the device is studied, as well as its characteristic time when in close contact with a heat-sink. The final sensitivity and equivalent noise equivalent power were evaluated pointing out the system limits.   
In the case of the bolometer, the resonator was considered in ideal experimental conditions in which one side is facing an ideal insulator and the other faces a perfect heat-sink. A characteristic time τ=0.74 s for the stationary regime was found, and an equivalent NEP value of 9.66 nW/√Hz was evaluated by considering the thermo-optical fluctuations.

Under these conditions, a minimum detectable power of 20 µW was calculated predicted. This value could be simply improved by employing a microdisc with higher quality factor or by changing the resonator geometry in order to distribute the radiation mainly in the light confined mode volume. A Q-factor of the order of 109 could push the detectable power down to 200 nW. 
3. CONCLUSIONS

We have demonstrated the potential of microspherical solid and hollow resonators as sensing platforms. We have demonstrated a WGMR biosensor aptamer-based detection of proteins, namely, thrombin and VEGF165. For thrombin we have studied the binding interactions of two DNA-aptamers (15-mer, TBA-15, and a 29-mer, TBA-29). We have developed an immobilization protocol for all aptamer sequences in such a way that the high Q factors (greater than 105 in BRB buffer) are preserved. We have performed a series of morphological studies in order to assess the quality of the surfaces and determine whether the covalent binding is achieved.
MBR have shown to be a valid nonlinear enhancement platform and verified the feasibility of exciting TPF via WGM in microspheres where labeled IgGs were covalently bound to its surface. In contrast to previous reports of one photon fluorescence, we have demonstrated the impossibility of distinguish OPF from the excitation laser using WGMR. 
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