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ABSTRACT

We investigate the feasibility of both one photon and two photon fluorescence excitation using whispering
gallery mode microresonators. We report the linear and non linear fluorescence real-time detection of labeled
IgG covalently bonded to the surface of a silica whispering gallery mode resonator (WGMR). The
immunoreagents have been immobilized onto the surface of the WGMR sensor after being activated with an
epoxy silane and an orienting layer. The developed immunosensor presents great potential as a robust
sensing device for fast and early detection of immunoreactions. We also investigate the potential of
microbubbles as nonlinear enhancement platform. The dyes used in these studies are dylight800, tetramethy!l
rhodamine isothiocyanate, rhodamine 6G and fluorescein. All measurements were performed in a modified
confocal microscope.
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ABSTRACT

We investigate the feasibility of both one photon and two photon fluorescence excitation using whispering
gallery mode microresonators. We report the linear and non linear fluorescence real-time detection of labeled
IgG covalently bonded to the surface of a silica whispering gallery mode resonator (WGMR). The
immunoreagents have been immobilized onto the surface of the WGMR sensor after being activated with an
epoxy silane and an orienting layer. The developed immunosensor presents great potential as a robust sensing
device for fast and early detection of immunoreactions. We also investigate the potential of microbubbles as
nonlinear enhancement platform. The dyes used in these studies are dylight800, tetramethyl rhodamine
isothiocyanate, rhodamine 6G and fluorescein. All measurements were performed in a modified confocal
microscope.
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1. INTRODUCTION

Whispering gallery mode resonators (WGMR) are evanescent wave sensors that can be used both as
refractometres or label-free sensors and fluorescence based sensors [1, 2]. The disadvantages of the labeled
system—namely, cost and possibly reduced reactivity—are normally compensated by lower limit of detection
(LOD), while in the case of direct monitoring, the limitations lie in the ineffectiveness of detecting small
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molecular weight analytes and in the sensitivity to non-specific binding. In a WGMR light is trapped by total
internal reflection at the resonator interface and the evanescent tail of the electromagnetic field interacts with
the analytes on the resonator surface. WGMR can achieve very high quality factors Q [3] which means high
sensitivity. A crucial step for producing reliable biosensors is the surface functionalization, or chemical
modification of the transducer surface in order to bind the biological recognition element on it. This
functional layer has to be very thin, between 10-100 nm and homogeneous, in order to preserve the high
quality of the transducer and the interaction with the sensing layer and the WGMR [4, 5]. The permanence of
high Q values after the functionalization of the surface is an essential requirement in order to achieve highly
sensitive devices.

For that reason, most of the efforts have been directed to label-free detection, even though the feasibility of
using WGMR as platforms for one photon fluorescence (OPF) detection has been studied [6]. Based on these
recent papers, we tested first the feasibility of OPF with spherical WGMR where antibodies against
Staphyolococcus aureus cell wall labeled with a near infrared dye (Dylight800, Thermo Scientific) were
immobilized on its surface. S. aureus is a bacterium that can cause a range of illnesses, from minor skin
infections to life threatening diseases. Moreover, this pathogen is one of the five most common causes of
nosocomial infections.

It is true that commercial NIR dyes are excellent but their intrinsically small Stokes shift may produce
excitation and scattered light interferences, especially when the excitation light used is a tunable diode laser.
The wide gain profile of the semiconductor easily masks the emitted fluorescence due to the overlap with the
emission spectrum of the dye [7]. Being that our case, we decided to resort to a nonlinear detection technique
like two photon fluorescence (TPF), which was already validated as a very good detection technique for
labeled peptides [8] and steroids [9,10]

As mentioned above, TPF measurements with near infra-red radiation have a number of advantages over
measurements with OPF. Specifically, the large energy gap between the excitation and emission radiation
reduces the background noise, the static photobleaching of the dyes that are used is reduced because there is a
guadratic dependence of the absorption on intensity [11,12], and the use of near infra-red radiation (NIR)
minimizes the photodamage of cells and tissue thereby lowering autofluorescence. On the other hand,
conventional TPF requires highly intense and focused laser light of instantaneous photon flux densities of at
least 10°! photons/cm?, which in turn lowers the photodamage threshold [13]. In order to overcome such a
difficulty, i.e. to achieve the needed energies and yet avoid tight focusing, we resort to low-loss, high-quality
factor whispering gallery mode resonators (WGMR) [1,14]. Another reason to use TPF is the available wide
range of visible fluorescent dyes with very high quantum yields and molar extinction coefficients.

The TPF measurements were performed in a modified confocal microscope; we coupled the excitation light
with a 4X and 10X objective and detected the TPF signal with a CCD camera. We performed all
measurements with a femtosecond laser (Ti:Sapphire, Coherent) in order to avoid secondary effects in the
biological layers or in the organic solutions. We report the observation of TPF, first in microbubbles WGMR
filled with a 10°M and 10 M solution of fluorescein and then 10° M solution of Rhodamine 6G, in the latter
the concentration is three orders of magnitude lower than previous work [14]; and in microspheres coated
with labeled IgG.

2. EXPERIMENTAL RESULTS AND DISCUSSION.
2.1 Surface functionalization Method.
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The microspheres were functionalized following three different procedures. The first batch of microspheres
were functionalized as follows: before exposing to the epoxy silanes, microspheres were soaked into piranha
solution (H,SO4:H,0 (7:3)) for 3 min minutes to remove organic contaminants and oxidize the surface, then
rinsed in MilliQ water, soaked in 10% NaOH (w/v) for 1 h, washed again in milliQ water and absolute EtOH.
The activated spheres were then soaked in 98% (3-glycidyloxypropyl)-trimethoxysilane (GPTMS) for 1h,
dried in air and stored under vacuum. The epoxy-derivatized microspheres were coated with PSau2-BSA
(0.125 pg/mL in printing buffer -150 mM sodium phosphate buffer, 0.001% sodium dodecyl sulfate, pH 8.5)
3 h at room temperature (RT). Then, the microspheres were washed with PBST (10 mM phosphate buffer on a
140 mM NacCl solution with 0.05% Tween 20, pH 7.5) and the specific antibody (As204, 0.02 mg/mL in
PBST) was added for 30 min at RT. After another cycle of wash with PBST, the microspheres were labelled
with commercially anti-lgG conjugated to tetramethyl rhodamine isothiocyanate (TRITC) (0.02 mg/mL in
PBST). Then, the microspheres were washed with PBST and MilliQ water and the fluorescent derivatization
of the microspheres was verified. The uniformity and fluorescence emission of the 1IgG-TRITC was checked
in a commercial confocal microscope (OPF) (figure 1.a)

The second batch of microspheres were functionalized and coated with PSau2-BSA following the same
procedure described for the first batch. Then, the microspheres were washed with PBST and the specific
antibody labeled with the dylight800 fluorophore (As204-dylight800, 0.02 mg/mL in printing buffer) was
added for 30 min at RT. The As204-dylight800 conjugate was prepared in one of our labs, three different
molar ratios of As204:dylight800 were tested: 1:1; 1:2 and 1:10). After, the microspheres where washed with
PBST and finally with MilliQ water. In order to verify the fluorescent derivatization of the microspheres, we
checked the uniformity and fluorescence emission of the As204-dylight800 with a LICOR Odyssey scanner
Figure 1.b. shows the ratio 1:2 as an example, since all molar ratios were uniform and gave good signal.

Fig. 1. a) Microsphere labelled with Anti-lgG-TRITC (fluorescence 2.5X) and b) microsphere labelled with As204-
dylight800 (molar ratio 1:2).
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The third batch of microspheres was functionalized as follows: after oxidizing the surface with the piranha
solution, (H,SO4: H,0, (4:1 viv) for 3 min), the spheres were immersed in a 0,01% solution of 3-
glycidoxypropyl-trimethoxysilane (GPTMS) in anhydrous toluene at 60° C for 1 min. On this second batch, in
order to avoid random orientation of the antibodies we immobilized covalently an orienting layer of protein G
(10 mg/ml in phosphate buffer 100 mM pH 8 for 2 hours) that binds antibodies with a high affinity through
the Fc region, leaving the Fab sites free for interaction. Then we bound: a) As204 conjugated with dylight800
(1:2 and 1:10) and b) 1gG labelled with tetramethyl rhodamine isothiocyanate (TRITC) both at 8 pg/ul ml in
phosphate buffer 100 mM pH 8 at room temperature for two hours.

Dylight 800 is a fluorescent dye with a maximum absorption at 777 nm and a maximum emission at 794 nm
(Pierce, datasheet). However, the physical characteristics of fluorescent dyes change depending on the
surroundings (emission and excitation wavelengths and also lifetime). This is especially true when dyes are
covalently bound to biomolecules and dried monolayers. We checked the fluorescence emission of a solution
of As204-dylight800 (molar ratio 1:10) in phosphate buffer (100 mM, pH 8) for four different excitation
wavelengths (770, 772, 775 and 777 nm) using a FluoroMax®-4 Fluorescence Spectrophotometer (HORIBA
Scientific). As it can be seen in figure 2.a., the maximum emission occurs at 788 nm independently on the
excitation wavelength (between 770 and 777 nm) whereas the maximum excitation wavelength is 770 nm.
Figure 2.b. shows the emission spectra of a mock microsphere (silica glass slide functionalised with and
without a covalently bound layer of As204-dylight800), analyzed by using the Fluorescence Spectrometer.
The maximum emission is shifted towards longer wavelength of about 13 nm with respect to the dylight800
conjugated As204 solution, as expected [7].
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Fig. 2. a) Emission spectra of a dylight800 conjugated As204 solution for different excitation wavelengths (black:
770nm; red: 772 nm; green: 775 nm and blue: 777nm); b) Emission spectra of a mock microsphere in two different
conditions: empty squares: silica glass slide mimicking the 3rd batch of microspheres; filled squares: functionalized
silica glass slide without the bioconjugate As204-dylight800.

2.2 One photon fluorescence measurements.
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The experimental setup for measuring the quality factor and OPF is sketched in Fig.3. The light from a fiber
pigtailed tunable diode laser (TDL) is tunable from 765 nm to 781 nm. A polarization controller and a tap
coupler (5%, not shown in Fig. 3) allow adjusting the polarization state and monitoring the lunched pump
power. Light is then coupled to the WGMR by means of a fiber taper, also produced in-house. The laser is
tuned into a resonance from high to low frequencies, which results in thermal self-locking [15] of the WGMR
mode to the pump laser. Fluorescence was detected on an optical spectrum analyzer (OSA) or a spectrometer
by collecting with a multimode fiber (MMF, 50 um core, 0.2 NA) the light scattered from the microsphere
using a long pass filter (RG780, Schott). A 3dB splitter at the fiber output (not shown in Fig. 3) has one end
on the spectrometer and the other on a detector connected to an oscilloscope, which allows locating the
resonance positions while scanning the laser.

Silica microspheres can be easily fabricated directly on the tip of a standard telecom fiber using a sequence of
arc discharges of a fiber fusion splicer [16]. We fabricated spheres of different diameters, ranging from about
125 pum to 180 um. The residual fiber stem is then mounted on a translation stage with piezoelectric actuators
and a positioning resolution of 20 nm.

TLD % .
|\

Fig. 3. Scheme of the experimental setup. TLD: Tunable laser diode; MMF: multimode fiber, OPF: one photon
fluorescence.
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We measured the quality factor of the functionalized microspheres at two wavelengths: at 1550 nm (without
absorption) and at 770 nm (maximum absorption). The quality factor at 1550 nm of the first and second batch
of microspheres were in excess of 10° whereas for the third one the quality factor was in excess of 10" (not
shown in here). At 770 nm, due to the absorption of the dye, the Q factor lowered by one order of magnitude
for both functionalized microspheres (figure 4).
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Figure 4. Q factor at 770 nm of the microspheres with 1:2 ratio As204-dylight800 covalently bound to the surface: a)
first batch and b) third batch.

In principle, the evanescent tail of the WGM should be overlapping with the biological layer and interacting
with the As204-Dylight800. With this idea in mind, we proceeded to measure the scattered OPF with a MMF
connected to a hand held spectrometer. Figure 5.a. and 5.b. show the collected scattered light for a
microsphere of at diameter of about 180 um and the laser emission spectrum, respectively. In figure 5.a the
excitation wavelength was centered at 770 nm and the power of the laser was attenuated from 148 uW down
to 245 nW. All microsphere batches show similar behavior.

Despite of how promising the graphs look, there is a main discrepancy between the emitted OPF from the
surface of the microsphere and the OPF measured with a commercial scanner: the emission peak was
expected at 814nm for a dry environment (fig.2.b) and in the graphs it is at 780 nm. The center wavelength of
the TLD is at 770 nm with an output power (1 mW) but the gain bandwidth of the laser is extended from 760
to 790 nm and at 780 nm the power is about 0.1 uW with a shape that resembles too much the spectra shown
in fig.5.a. without the convolution of the filter (see fig.5.b).
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Fig. 5. a) Scattered light measured with a hand held spectrometer from the second batch of microspheres with As204-
Dylight800 1:2 ratio As204-Dylight800 covalently bound to the surface microsphere of a diameter of about 140 pum
(black 148 mW, red 92 mW, gree 42 mW, blue 2 mW, cyan 398 nW); b) Laser spectrum measured with an OSA.

In order to discriminate whether the scatter light we measured is OPF or mainly the scattered excitation laser
light, we tuned the excitation wavelength to the red edge of the bandwidth of the laser, namely, 788 nm. At
this wavelength, there is no excitation light that can heavily interfere with the OPF of the dye. We didn’t
observe OPF, not even for larger integration times and more averaged signal. We concluded that the measured
scattered signal is just the excitation laser scattered by the microsphere and convoluted by the filter. For that
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reason we resorted to TPE of microspheres covalently bound 1gG labeled with TRITC (8 pg/[ /1 in 100 mM
phosphate buffer, pH 8).

2.3 Two photon excitation in microbubbles and microspheres.

The MBRs were fabricated from slightly pressurized silica capillaries using a modified fusion splicer, where
the electrodes could rotate by 360° by means of a step by step motor. Details of the fabrication can be found
in our previous work [17]. Reproducibility is ensured by the control of all physical parameters of the process
(duration and power of arc discharges, gas pressure, rotation speed, distance between capillary and
electrodes). The microbubbles were the filled with a 10°M and 10* M solution of fluorescein and 10° M
solution of Rhodamine 6G.

We used a modified confocal microscope for coupling the light into the microbubble resonator [18]. We used
an inverted light microscope (Nikon Eclipse TE2000U). It can be used as a bright-field microscope or as a
phase contrast microscope. However its extendible design and advanced features make it ideal for upgrading
it to a multi-modal imaging system. The objectives that we used for this experiment was a 4X and 10X-
0.5NA dry objective. 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 (150 fs) 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 [19]. The wavelength in the experiments was set to 800nm.
We set the voltage of the galvanometric mirrors to O 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 dichoric mirror (FF720-SDi01, Semrock) and a BG39 Schott filter. We tested first the bubble
with the fluorescein filling that was imaged with a 4X dry objective using a CCD camera in order to see the
complete WGM at the equator. Figure 6.a. shows the TPF band around the equator and the TPF partially
coupled back to the MBR wall. The two lobes that correspond to the WGM are clearly seen (fig.6.b)

Fig.6. Fluorescence image of two different microbubbles, one filled with 10°M (a) and 10 M (b) fluorescein solution,
showing the TPF band. The image was taken with a 4X dry objective. The TPF coupled back to the MBR wall can be
also seen.
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The two-photon nature of the emitted signal was validated by checking its dependence on the excitation laser
power. Figure 7 shows a logarithmic representation of the TPEF signal from a Rhodamine 6G filled
microbubble versus incident laser power at the focal plane. A linear fit to the data has slope 1.8 + 0.1,
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Figure 7. Logarithmic presentation of the TPEF signal from the MBR filled with 10° M Rhodamine 6G solution versus
incident laser power in log-log scale. The red line is the linear fit with slope close to 2.

After these results, we tested a microsphere where a layer of 1gG labeled with TRITC was bound to its
surface. Figure 8 shows the optical image of the microsphere where the coupling point and a partial WGM
can be seen.

Figure 8. TPF image of the WGM excited in a microsphere, the coupling point and a partial WGM.

3. CONCLUSION

We have demonstrated the potential of microbubbles as nonlinear enhancement platform and verified the feasibility of
exciting TPF via WGM in microspheres where labeled 1gGs were covalently bound to its surface. The functionalization
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process proved to be uniform, maintaining a good quality factor of the microresonators. 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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