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Single-cell bacterium identification with a SOI optical microcavity M. Tardif 1,2 , J-B Jager 2 , P.R. Marcoux 3 , K. Uchiyamada 4 , E. Picard 2 , E.Hadji 2 , D. Peyrade 1 1 Univ. Grenoble Alpes, CNRS, LTM -Micro & Nanotechnologies for Health, 38054 Grenoble Cedex 9, France ² CEA & Univ. Grenoble Alpes, INAC-SP2M-SINAPS, 38000 Grenoble, France 3 CEA, LETI-DTBS-SBSC-LCMI/LBAM, 38054 Grenoble Cedex 9, France 4 Graduate School of Pure and Applied Sciences, University of Tsukuba, 1-1-1 Tennodai, Tsukuba, Ibaraki 305-8573, Japan Photonic crystals and microcavities can act as on-chip nano-optical tweezers for identification or manipulation of biological objects. So far, virus and bacteria optical trapping has been achieved, their presence in the vicinity of the optical resonator being deduced from a shift of the resonant wavelength. Here we show that bacteria can not only be trapped but identified as well if the trapping time is long enough. A silicon on insulator microcavity with a properly tuned quality factor allows to achieve enhanced trapping times. By combining spatial and temporal observation of bacteria -cavity interaction, the optical identification of three different kinds of bacteria is demonstrated.

Biological objects are strategic components for medical and pharmaceutical development, faster clinical diagnosis and food processing control. The field of photonics has proven to be extremely suitable for the study of these objects. The first tool that allowed their trapping and handling is optical tweezers, 1,2 based on the concentration of a laser beam through a microscope objective.

Unfortunately, this method is limited by the macroscopic scale of the implemented set-up and especially by the damage caused on cells 3,4 and bacteria [5][6][7] during optical manipulation. On the contrary, the evanescent field of onchip optical resonators offers a low light intensity energy that could minimize biological object damage. Therefore, they are more suitable for biomolecules, 8-12 virus 13,[START_REF] Vollmer | Proc. Natl. Acad. Sci. U. S. A[END_REF] and bacteria [START_REF] Van Leest | [END_REF]16 manipulation, at a microscopic scale. For the past 20 years many designs of optical resonators have emerged. From the 1D 17,18 and 2D [START_REF] Notomi | Conf. Proc. -Lasers Electro-Optics Soc. Annu. Meet[END_REF][START_REF] Akahane | [END_REF][21] photonic crystals to toroid, [22][23][24] ring, 25 cylindrical 26 and microspherical [START_REF] Gorodetsky | [END_REF]28 resonators, extremely narrow resonances and quality factors as high as 10 9 have been reached. With their integration in optofluidic devices, these structures allow micro and nano objects manipulation [29][30][31][32][33][34][35] and biological object detection. 37,38 More specifically, at the cell scale, despite the low index contrast with liquid medium, it has been proven that bacteria trapping is achievable on H-L types PhCs microcavities. [START_REF] Van Leest | [END_REF] For these structures, the trap stiffness was quantified and the confined Brownian motion of the bacteria has revealed power dependence to the light power excitation. [START_REF] Van Leest | [END_REF] In this direction, Lin et al. have demonstrated that this optical trap do not affect Escherichia coli viability by studying its photothermal damage. Thus, according to the theory, designed lineic microcavities appear to be suitable tools to manipulate bacteria.

Most of literature work has been focused on detection where high quality factor structures are required to precisely detect the shift of the resonance wavelength due to refractive index variation near the resonator 12,36,37 (Figure 1(a)). What we propose here is the use of a broader resonance, adapted for single bacterium analysis and label-free identification (Figure 1(b)). To achieve this condition, the resonance must be wide enough to have an overlap between the resonance without bacterium and the resonance when the bacterium interacts with the field in the cavity (redshift).

Starting from this statement, we investigate an optical method based on microcavities to perform single-cell characterization on bacteria. The analysis of the cell Brownian motion video in the trap combine with the optical structure transmission signal allow a fine characterization of the cell behavior. Moreover, by analysis the fluctuations of the transmitted signal over time during bacteria trapping, we expect to observe variations between bacteria phenotypes.

A 1D microcavity resonator is made on SOI substrate (250 nm / 2 µm / 700 µm) by combining electron beam lithography and reactive-ion etching. The two mirrors are designed for mode adaptation within the cavity 38 (Figure 2(a)) in order to get a quality factor of 4000. In this study we used the same optical structure for all the experiments. By injecting the resonance wavelength in this structure (laser at λres = 1.5 µm, injected power Pinj = 10 mW, and linewidth Lw = 10 -3 pm), an intense and confined electromagnetic field is built in the cavity. The evanescent part of this field above the cavity creates optical gradient forces able to trap and manipulate colloidal objects.

Above the optical structures, a PDMS fluidic system leads swimming objects to the evanescent field. It consists of a 100µm thick PDMS film with molded µ-fluidic channel in which we place a drop of water/bacteria solution. Then it is covered by a 150 µm thick layer of glass. This optofluidic chip is shown in Figure 2(b). A polarizationmaintaining fiber enables the optical coupling of the light from a tunable laser to the microcavity. Two microscope objectives are placed on-top/in-line with the chip and connected to detection devices, which allows spatial (images) and temporal (signal) characterization of the trapping. Images of the cavity are created by a microscope connected to a CCD camera, with a time resolution of 1/24s. To track bacterium trajectories we detect their position on every recorded image for a relevant duration (few seconds), using tracking macro of Fiji (image processing package of ImageJ). 39 This analysis is shown in Figure 2(b-SPATIAL).

The signal transmitted by the optical structure is detected by a photodiode, increased by a trans-impedance amplifier and displayed on an oscilloscope. The oscillations observed Figure 2(b-TEMPORAL) are due to the shift of the resonance wavelength of the optical structure in presence of bacterium above the cavity. Indeed, the resonance wavelength depends not only on the optical index of the cavity, but also on the index of the environment. When the bacterium interacts with the electromagnetic field in the cavity, the environmental index ranges from nwater = 1.33 (bacterium outside the cavity, only water above it) to 1.368 < nbacterium < 1.413 (bacterium exactly above the cavity). 40 This phenomenon is shown in Figure 1: it induces a less than 1 nm shift of the resonance wavelength from the grey to the blue curve.

As we keep injecting the same wavelength during all trapping experiments (resonance at nwater), the signal will oscillate between the two intensity values IMIN and IMAX while the bacterium oscillate between two positions: trapped above and untrapped around the cavity. By this method, we are able to record the position of the trapped object and the fluctuation of the transmitted signal simultaneously.

The objects under study are the following bacteria, shown Figure 2(c): Staphylococcus epidermidis diplococcus, Escherichia coli and Bacillus subtilis aggregate. They were selected for their size, close to the previously studied polystyrene beads 30,41,42 and the differences in morphology and Gram-type between them (one Gram+ bacillus, one Gram-bacillus and one Gram+ coccus). An E. coli cell and a diplococcus of S. epidermidis have equivalent size and shape: oval shape and size of 1 µm x 2 µm, compared to a more elongated shape of The Brownian motion of each type of studied bacterium and the effect of trapping on its trajectory is shown in Figure 3. We characterize the effect of the trap by a parameter that we call "confinement factor" which consists in the ratio of the rectangular area covered by bacteria position (L x l) without and with trapping. The trapping is demonstrated by the reduction of the displacement area (confinement factor between 3.2 and 57) and its major effect is a transversal confinement (area reduced by a factor ranging from 2.8 to 15.5, in comparison to 1.1 to 6 for lateral confinement). In this microcavity, previous studies have evidenced that the evanescent field is spread over two maxima of electromagnetic field. 42 We observe in Figure 3(b) that S. epidermidis and E. coli interact with one maximum of the field at a time (S. epidermidis stays on one while E. coli keep switching from one maxima to another). This is allowed by their reduced size compared to the size order of the field maxima of the cavity. The flagella (E. coli and B. subtilis) seem to induce a larger displacement in the trap and the ability to interact with several maxima of the field. This behavior is consistent with the increased motility of the flagellated bacteria and with the shape of the electromagnetic field in the microcavity.

In Table 1, more details about confinement are shown. It highlights a stronger effect of the trap on S. epidermidis and E. coli, than on B. subtilis (confinement factor are 57, 30.6 and 3.2 respectively). This table also outlines a more effective confinement along transversal axis than along lateral one. For S. epidermidis lateral and transversal confinement are of the same order of magnitude, which can be linked to the spherical shape of the bacterium. On the other hand, for E. coli and B. subtilis the transversal confinement prevails. It is consistent with the behavior of the bacteria in the trap: they align on the structure, with their longer dimension parallel to the cavity. From this we can infer that the lateral and transversal contributions provide information on the shape of the object and its symmetry. The size and shape of B. subtilis induce only transversal confinement (lateral confinement of 1.1), which explains the low effectiveness of the trap on that bacterium (confinement factor of 3.2) in accordance with experimental results (trapping duration under 10 minutes against more than 1 hour for S. epidermidis and E. coli).

Finally, each type of the three investigated bacteria species owns a very distinct spatial signature, which is linked to their size, shape (symmetry) and flagella.

In parallel, monitoring the optical signal transmitted by the cavity (Figure 4) enables an accurate detection of the trapping effectiveness: high frequency oscillations and intensity drop of about 20% (Figure 4(a)).

On Figure 4(b) the temporal variation of the optical signal transmitted by the microcavity during the trapping of the three kinds of bacteria is shown. It is compared to the signal detected in the same conditions without trapping. Because the amplitude is the most relevant criteria to discriminate these curves, we calculate the histogram function of the transmitted signal (Figure 4(c)). Its characteristic elements are the full width at half maximum (FWHM) and the probability to have each intensity value. E. coli is characterized by a FWHM at least twice larger than the two other bacteria. It can be linked to its large lateral displacement in the trap (Figure 3(b, blue curve)). On the contrary, S. epidermidis trapping signal has a very low FWHM which highlights the unique position of equilibrium of the bacterium (high probability for one intensity value), matching with one field maximum. Finally, the optical signal transmitted by the adapted SOI microcavity is self-consistent for bacteria discrimination in this example. We highlighted here that amplitude is the most relevant criteria to differentiate the optical signal transmitted by the microcavity, in which the substantial part of the information is located below 15 Hz. It provides information on the maximum and minimum intensity values of the signal shown in Figure 1 and Figure 4. On Figure 5, these Imax and Imin values are represented on the resonance peak of the microcavity, at the injected wavelength.

If we consider that the quality factor remains constant during the trapping (low change of optical index when the microcavity environment is water or bacteria), it allows to calculate the redshift of the resonance wavelength between the two extreme positions of the bacteria in the trap (from the trap center (Imin) to its edge (Imax)). This redshift is characteristic of bacterium phenotype, as represented Figure 5(b1): its value ranges from 0.20 nm for S. epidermidis to 0.30 nm for E. coli. Each colored peak represents the resonant mode available according to the type of trapped bacterium. By projecting these curves on the resonance peak of the optical trapping structure we are able to assign to every type of bacterium a specific area of the peak (Figure 5(b2)) and discriminate them.

Finally, the two methods of characterization (spatial and temporal) are consistent with each other: the displacement of E. coli on the two evanescent field maxima can be linked to the large amplitude of its trapping signal and the higher value of the FWHM of its histogram function. S. epidermidis oscillates close to its balance position (one field maximum), matching to one transmitted intensity value of highest probability.

In this paper we show that planktonic single cell bacterium can by trapped by the evanescent field of a properly tuned microcavity. Both spatial (Brownian and partially-trapped motions) and temporal (optical transmission measurement) methods are relevant to study finely the bacterium behavior within the trap.

The spatial signature demonstrates that morphological properties of bacteria (size, shape and presence of flagella) can be identified thanks to the so-called confinement factor parameter. The temporal signature through the analysis of the fluctuations of the optical transmitted signal over time during bacteria trapping allows us to identify bacteria phenotypes.

Compared to the spatial characterization, the temporal method requires only cavity transmission measurements. Thus, this promising label-free technic that can be performed in a much more compact way, with a smaller footprint, in a device scheme might be suitable for a reduce cost fast analysis device.

In the future we plan to extend this study to a larger number of bacteria, with different shapes, sizes and overall properties. 
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 1 FIG. 1. Redshift of the microcavity resonance wavelength in presence of a bacterium above it. (a) High quality factor structure, ideal for detection of the target object, no trapping of bacteria. (b) Intermediate quality factor structure, ideal for bacteria trapping and analysis.
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 234512 FIG. 2. (a) SEM image of the single microcavity used for all the experiments. (b) Trapping Set-up: fluidic system on a 1D PhC, light injected in the optical structure with a polarized fiber and recorded on structure output (TEMPORAL). Second trapping analysis way by microscopy column above the cavity (SPATIAL). The measurements related to E. coli are shown in blue and those associated with S. epidermidis are shown in orange, (c) SEM images of the under study bacteria: (1) diplococcus of Staphylococcus epidermidis, (2) Escherichia coli and (3) aggregate of Bacillus subtilis.
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 1 Numerical analysis of spatial behavior of trapped and nontrapped bacteria. The transversal direction is parallel to the x axis and the lateral one is parallel to the y axis.

	1 µm x 7 µm
	for B. subtilis (aggregate). E. coli and B. subtilis have
	flagella, a molecular motor they use to propel themselves
	through an aqueous medium. Bacterial strains (E.

coli ATCC 117775, S. epidermidis ATCC 14990, B. subtilis ATCC 11774) were obtained from KwikStik lyophilized reference strains (Microbiologics, St. Cloud, MN).
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