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Photonic crystals and microcavities can act as bipcnano-optical tweezers for identification or niaulation of
biological objects. So far, virus and bacteria gpti trapping has been achieved, their presenceh@icinity of the
optical resonator being deduced from a shift of tbgonant wavelength. Here we show that bacteria rat only be
trapped but identified as well if the trapping tingelong enough. A silicon on insulator microcawtjth a properly
tuned quality factor allows to achieve enhancedpiag times. By combining spatial and temporal obetion of
bacteria — cavity interaction, the optical ident#ition of three different kinds of bacteria is destoated.

Biological objects are strategic components for icedd Most of literature work has been focused on detecti
and pharmaceutical development, faster clinicajnidsis  where high quality factor structures are required t
and food processing control. The field of photorfiegs  precisely detect the shift of the resonance waggledue
proven to be extremely suitable for the study afsth to refractive index variation near the reson&t&e’
objects. The first tool that allowed their trappiagd  (Figure 1(a)). What we propose here is the use of a
handling is optical tweezetg,based on the concentration broader resonance, adapted for single bacteriunysasmia
of a laser beam through a microscope objectiveand label-free identification (Figure 1(b)). To &mle this
Unfortunately, this method is limited by the macmgic  condition, the resonance must be wide enough te hav
scale of the implemented set-up and especially gy t overlap between the resonance without bacteriumtizand
damage caused on céitsand bacteri&’ during optical resonance when the bacterium interacts with the fie
manipulation. On the contrary, the evanescent fa¢ldn-  the cavity (redshift).

chip optical resonators offers a low light intepshergy  Starting from this statement, we investigate anicapt
that could minimize biological object damage. Tlhere, method based on microcavities to perform singlé-cel
they are more suitable for biomolecufe®,virus'***and  characterization on bacteria. The analysis of te# c
bacterid®>*®manipulation, at a microscopic scale. For theBrownian motion video in the trap combine with the
past 20 years many designs of optical resonatove ha optical structure transmission signal allow a fine
emerged. From the £D'®and 203°?!photonic crystals to characterization of the cell behavior. Moreover, by
toroid?>?* ring® cylindricaf® and microspheric&?®  analysis the fluctuations of the transmitted sigoaér
resonators, extremely narrow resonances and qualityme during bacteria trapping, we expect to observe
factors as high as iCthave been reached. With their variations between bacteria phenotypes.

integration in optofluidic devices, these structusdlow

micro and nano objects manipulatiéi®and biological

object detectiod’® More specifically, at the cell scale, A 1D microcavity resonator is made on SOI substrate
despite the low index contrast with liquid mediuthas (250 nm / 2 um / 700 um) by combining electron beam
been proven that bacteria trapping is achievabléidn  lithography and reactive-ion etching. The two niisrare
types PhCs microcaviti€s.For these structures, the trap designed for mode adaptation within the ca¥i(Figure
stiffness was quantified and the confined Brownian2(a)) in order to get a quality factor of 4000 this study
motion of the bacteria has revealed power deperdenc we used the same optical structure for all the exsats.

the light power excitatio® In this direction, Linet al. By injecting the resonance wavelength in this s$triec
have demonstrated that this optical trap do noecaff (jaser afies= 1.5 pm, injected powendP= 10 mw, and
Escherichia coliviability by studying its photothermal jinewidth Lw = 10° pm), an intense and confined
damage. Thus, according to the theory, designegiclin gjectromagnetic field is built in the cavity. Theaeescent
microcavities appear to be suitable tools to mdailBu 4t of this field above the cavity creates optigaddient
bacteria. forces able to trap and manipulate colloidal olsject

Above the optical structures, a PDMS fluidic systeads
swimming objects to the evanescent field. It cdssid a



100um thick PDMS film with molded p-fluidic channel
in which we place a drop of water/bacteria solutibhen

it is covered by a 150 um thick layer of glass. sThi
optofluidic chip is shown in Figure 2(b). A polaatmn-
maintaining fiber enables the optical coupling lué tight
from a tunable laser to the microcavity. Two micaze
objectives are placed on-top/in-line with the clapd
connected to detection devices, which allows spa*~
(images) and temporal (signal) characterizationthaf
trapping. Images of the cavity are created by agsmpe
connected to a CCD camera, with a time resolutibn
1/24s. To track bacterium trajectories we detedirtt

Starting from a culture on agar media (COS or TSA,
bioMérieux) after 24h of incubation (37°C), a 0.xxM
suspension (Densimat, bioMérieux) was preparedRh A
Suspension medium (bioMérieux).

We present now the two analysis methods of bacteria
trapping, leading to their characterization.

position on every recorded image for a relevanation

(few seconds), using tracking macro of Fiji (imag

processing package of Imagéd)rhis analysis is shown
in Figure 2(b-SPATIAL).

Chacior | denemen comtrament
Bacterium Lz X lg ratio ratio
Irx tr (42! £7) (%1 7)
(2) S. epidermidis 57 9.5 6
(2) E. coli 30.6 15.5 2
(3) B. subtilis 3.2 2.8 1.1

The signal transmitted by the optical structurdesected
by a photodiode, increased by a trans-impedanc
amplifier and displayed on an oscilloscope. The
oscillations observed Figure 2(b-TEMPORAL) are tlue
the shift of the resonance wavelength of the optica

Table 1. Numerical analysis of spatial behavior of trapped @on-
trapped bacteria. The transversal direction is llghr the x axis and
the lateral one is parallel to the y axis.

The Brownian motion of each type of studied baateri
and the effect of trapping on its trajectory is whoin

structure in presence of bacterium above the cavityFigure 3. We characterize the effect of the trapaby

Indeed, the resonance wavelength depends not artlyeo
optical index of the cavity, but also on the indafxthe

parameter that we call “confinement factor” which
consists in the ratio of the rectangular area @xdry

environment. When the bacterium interacts with thebacteria positior{/ x #) without and with trapping. The

electromagnetic field in the cavity, the environitan
index ranges from vawer = 1.33 (bacterium outside the
cavity, only water above it) to 1.368 $aflerium< 1.413
(bacterium exactly above the cavif§)This phenomenon
is shown in Figure 1: it induces a less than 1 hift ef
the resonance wavelength from the grey to the tiluee.
As we keep injecting the same wavelength during al
trapping experiments (resonance aii), the signal will
oscillate between the two intensity valuesn and |l wax
while the bacterium oscillate between two positions
trapped above and untrapped around the cavity.

By this method, we are able to record the positibthe
trapped object and the fluctuation of the transsdigignal
simultaneously.

The objects under study are the following bactesfimwn
Figure 2(c): Staphylococcus epidermidis diplococcus
Escherichia coliand Bacillus subtilis aggregate. They
were selected for their size, close to the preWjostsidied
polystyrene bead$***? and the differences in

trapping is demonstrated by the reduction of the
displacement area (confinement factor between B® a
57) and its major effect is a transversal confinenfarea
reduced bya factor ranging from 2.8 to 15.5, in
comparison to 1.1 to 6 for lateral confinement).

In this microcavity, previous studies have evidehtieat
Ithe evanescent field is spread over twwaxima of
electromagnetic fiel@® We observe in Figure 3(b) that
epidermidisandE. coliinteract with one maximum of the
field at a time §. epidermidisstays on one whil&. coli
keep switching from one maxima to another). This is
allowed by their reduced size compared to the sider

of the field maxima of the cavity. The flagell. (coli and

B. subtili§ seem to induce a larger displacement in the
trap and the ability to interact with several maaiof the
field. This behavior is consistent with the increds
motility of the flagellated bacteria and with thieape of
the electromagnetic field in the microcavity.

In Table 1, more details about confinement are shadtv
highlights a stronger effect of the trap 8nepidermidis
andE. coli, than onB. subtilis(confinement factor are 57,

morphology and Gram-type between them (one Gram-80.6 and 3.2 respectively). This table also ousliaenore

bacillus, one Gram- bacillus and one Gram+ coccAs).
E. coli cell and a diplococcus db. epidermidishave
equivalent size and shape: oval shape and sizeuof A 2
um, compared to a more elongated shape of 1 umm 7 p
for B. subtilis (aggregate)E. coli and B. subtilis have
flagella, a molecular motor they use to propel thelves
through an aqueous medium. Bacterial strais qoli
ATCC 117775,S. epidermidisATCC 14990,B. subtilis
ATCC 11774) were obtained from KwikStik lyophilized
reference strains (Microbiologics, St. Cloud, MN).

effective confinement along transversal axis thima@
lateral one. ForS. epidermidislateral and transversal
confinement are of the same order of magnitudechvhi
can be linked to the spherical shape of the bagcterOn
the other hand, foE. coli and B. subtilisthe transversal
confinement prevails. It is consistent with the d&e&br of
the bacteria in the trap: they align on the st twith
their longer dimension parallel to the cavity. Frans we
can infer that the lateral and transversal contiding
provide information on the shape of the object &sd
symmetry. The size and shapeBfsubtilisinduce only



transversal confinement (lateral confinement of),1.1 Finally, the two methods of characterization (sgasind

which explains the low effectiveness of the traptoat
bacterium (confinement factor of 3.2) in accordandt
experimental results (trapping duration under 1@utgs
against more than 1 hour & epidermidiandE. col).

temporal) are consistent with each other: the disphent
of E. coli on the two evanescent field maxima can be
linked to the large amplitude of its trapping sigaad the
higher value of the FWHM of its histogram functic.

Finally, each type of the three investigated baater epidermidisoscillates close to its balance position (one

species owns a very distinct spatial signature,clvhs
linked to their size, shape (symmetry) and flagella

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

On Figure 4(b) the temporal variation of the ofdtiignal
transmitted by the microcavity during the trappofgthe
three kinds of bacteria is shown. It is comparedh®
signal detected in the same conditions withoutpiragp
Because the amplitude is the most relevant critaria

discriminate these curves, we calculate the hisrogr

function of the transmitted signal (Figure 4(c)}s |
characteristic elements are the full width at Ingdiximum
(FWHM) and the probability to have each intensigue.

E. coliis characterized by a FWHM at least twice larger

than the two other bacteria. It can be linked $olérge
lateral displacement in the trap (Figure 3flue curve)).

On the contraryS. epidermidigrapping signal has a very Thus
low FWHM which highlights the unique position of '
equilibrium of thebacterium (high probability for one footprint

intensity value), matching with one field maximum.
Finally, the optical signal transmitted by the agapSOI
microcavity is self-consistent for bacteria disdriation
in this example. We highlighted here that amplitisithe
most relevant criteria to differentiate the opticadnal
transmitted by the microcavity, in which the subsitd
part of the information is located below 15 Hzpibvides

information on the maximum and minimum intensity

values of the signal shown in Figure 1 and Figur©#d
Figure 5, these Imax and Imin values are repredenite
the resonance peak of the microcavity, at the iefec
wavelength.

If we consider that the quality factor remains ¢ans
during the trapping (low change of optical indexemtthe
microcavity environment is water or bacteria) libas to
calculate the redshift of the
between the two extreme positions of the bacterithe
trap (from the trap center (Imin) to its edge (If)aXhis
redshift is characteristic of bacterium phenotyass,

represented Figure 5fbits value ranges from 0.20 nm

for S. epidermidis to 0.30 nm fé&. coli.

Each colored peak represents the resonant modelaleai
according to the type of trapped bacterium. By grting
these curves on the resonance peak of the optagglihg
structure we are able to assign to every type ofeboaim
a specific area of the peak (Figure H)and discriminate
them.

resonance wavelengt

field maximum), matching to one transmitted inténsi
value of highest probability.

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

The spatial signature demonstrates that morphabgic
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 owane
during bacteria trapping allows us to identify leaizt
phenotypes.

Compared to the spatial characterization, the teaip
method requires only cavity transmission measurésnen
this promising label-free technic that can be
performed in a much more compact way, with a smalle
in a device scheme might be suitable dor
reduce cost fast analysis device.

In the future we plan to extend this study to agdar
number of bacteria, with different shapes, sizesl an
overall properties.
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FIG. 1. Redshift of the microcavity resonance wavelengtpresence of a bacterium above it.
(a) High quality factor structure, ideal for detectiointhe target object, no trapping of bacteria.
(b) Intermediate quality factor structure, ideal facteria trapping and analysis.
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FIG. 2. (a) SEM image of the single microcavity used for hi experimentgb) Trapping Set-up:
fluidic system on a 1D PhC, light injected in thatical structure with a polarized fiber and recatde
on structure output (TEMPORAL). Secotrdpping analysis way by microscopy column abowe th
cavity (SPATIAL). The measurements relatedEtocoli are shown in blue and those associated with
S. epidermidisare shown in orangéc) SEM images of the under study bacteria:diplococcusof
Staphylococcus epidermidi€2) Escherichia coland (3) aggregate &acillus subtilis.
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FIG. 3. (a) Brownian motion of aiplococcusof S. epidermidigorange curve), &. coli cell (blue
curve) and aB. subtilis aggregate (red curve) during 50 seconds, trac&ingacteria center(b)

Trapped trajectories &.epidermidis diplococcu®range curve)k. coli (blue curve) and. subtilis
(red curve) during 50 seconds. Tracking of bacteeiater forS. epidermidindE. coli, tracking at
left edge (L), center (C) and right edge (R)Borsubtilis
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FIG. 4. (a) 20% drop in the optical signal transmitted by thierocavity, start of bacteria trapping.
(b) Intensity transmitted by the microcavity during $8conds of trapping for the bactea
epidermidis diplococcugorange), E. coli (blue), B. subtilis aggregatéred) and with no bacteria
trapped (in bacteria and water medium) (bla¢k).Histogram function of the transmitted optical
signal.
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FIG. 5. (a) Experimental measurements, resonance peak optiwlbstructure used to trap bacteria
(in black) and lorentzian fit of this curve (in gde using Fityk (curve fitting and peak fitting
software).(b) (1) Redshift of the microcavity resonance wavelengtpriesence of a diplococcus of
S. epidermidis (orange curvegn aggregate of Bubtilis (red curvepnd ank. colicell (blue curve)
above the optical traf§2) Representation of the redshift of the resonanceecutelineated areas for
each type of trapped bacteria. These curves waeeneld by a lorentzian fit to experimental curves,
at the right scale.



