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Abstract —

Photonic crystals and microcavities act as on-chip nano- tical)weezers for identification and
1;-1—

manipulation of biological objects. Until now, @pt tr@ing of virus and bacteria has been
achieved and their presence in the vicinit \

o
W' al resonator is deduced by the shift in

ing and identification of bacteria through a

the resonant wavelength. Here, we s
properly tuned silicon on insula icroeavity. Through the spatial and temporal

B
observations of bacteria—cavity iw the optical identification of three different kinds of

bacteria is demonstrated. \\

N
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Publishin g 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 such objects. The first tool that allowed their trapping and
manipulation is optical tweezers'” which is based on the concentrati(?f laser beam through
a microscope objective. Unfortunately, this method is limited by th. mNpic scale of the

implementation set-up and, especially, by the damage caused to ce ’#and bacteria®”’ during

optical manipulation. On the contrary, the evanescent field @f onschip*eptical resonators offers

—
low light intensity that minimizes biological object dandage. Thetgfore, they are more suitable

13,14 15,16 .

. 812 . . . . .
for biomolecules,” “ viruses ™ and bacteria mcr;pul n a) a microscopic scale.

17-19

For the past 20 years, many designs of optical fegona ois:aive emerged. From the 1D and

2D*"** photonic crystals (PhC) to toroi@ S cylindrical’’ and microspherical”®

resonators, extremely narrow resonan&@*quality factors as high as 10’ have been

achieved. With their integration in opmidie devices, these structures allow micro and nano

object manipulation3O_3 6 an h@\o ject detection.’”** More specifically, at the cell

scale, despite the low index contrast with liquid medium, it has been proven that bacteria

trapping is achiev 1@ microcavities."> For these structures, the trap stiffness was
£
e confin

quantified and ed Brownian motion of bacteria has revealed dependence on light

. 1 . . o
power ex aﬁ()w.\sfhus, according to recent advancements, photonic crystal cavities appear

to be itaple toels for bacteria manipulation.

st of the'york has been focused on detection where the high quality factor structures are

“fequi o precisely detect the shift in the resonance wavelength which is due to the

12,37,38

ra()tive index variation near the resonator (Figure 1(a)). Here we introduce the use of

a broader resonance that is adapted for single bacterium analysis and label-free identification

(Figure 1(b)). In order to achieve this condition, the resonance must be wide enough to allow
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Publishing an overlap between the resonance without bacterium and the resonance when the bacterium

interacts with the field in the cavity (redshift).

Henceforth, we investigate an optical method based on microcavities to perform single-cell
characterization of bacteria. The analysis of the cell’s Brownian moti? in the trap combined
with the transmission signal from the optical structure allows a fine harwtion of the cell

behavior. Moreover, by analyzing the fluctuations in the transmittéd, signal over time during

bacteria trapping, we observe variations between bacteria p nﬁypes.

T~
—
A 1D microcavity resonator is made on SOI s bstrgfx‘é) nm / 2 um / 700 um) by

combining electron beam lithography and reacx eaing. The two mirrors are designed
o
2(a))

for mode adaptation within the cavity (F@{ n order to get a quality factor of 4000.
In this study we used the same opticakstrueture for all the experiments. By injecting the
resonance wavelength in this structu j‘fye{a Aes = 1.5 um, injected power Pj,j = 10 mW,
and linewidth Ly, = 150 kHz), a&\\\&{s and confined electromagnetic field is built in the
cavity. The evanescent part o\isﬁeld above the cavity creates optical gradient forces
capable of trapping a@lating colloidal objects.

ni
Above the ozzi? tmz’tur?, PDMS fluidic system leads colloids to the evanescent field. It

consists a 1 Nthlc DMS film with molded microfluidic channel in which a drop of

water/bac 'Qolution is present. It is then covered with a 150 pum thick layer of glass. This

opto is shown in Figure 2(b). A polarization-maintaining fiber enables the optical

idid’ chiy

coupling gf ight from a tunable laser in the microcavity. Two microscope objectives are

—
placﬁ on-top and in-line with the chip and connected to the detection devices, which allows

X

(images) and temporal (signal) characterization of the trapping. Images of the cavity are taken

by microscope connected to a CCD camera, with a time resolution of 1/24s. To track bacteria
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Publi shlng trajectories, their position was detected on every recorded image for a relevant duration (few

seconds), using tracking macro of Fiji (image processing package of ImageJ). This analysis

is shown in Figure 2(b-SPATIAL).

The signal transmitted by the optical structure is detected by a p

o(oa()dexincreased by a
0

transimpedance amplifier and displayed on an oscilloscope. T illations observed Figure
2(bTEMPORAL) are due to the shift in the resonance wa léhyth ofithe optical structure in
the presence of bacterium above the cavity. In fact, the fesonancegwavelength does not depend
only on the optical index of the cavity, but also .the ex}f the environment. When the
bacterium interacts with the electromagnetic t‘la cavity, the environmental index
ranges from nNyger = 1.33 (bacterium ou i e cavity, only water above it) to 1.368 <
Npacterium < 1.413 (bacterium exactly abo Mty) ! This phenomenon is shown in Figure
1: it induces a less than 1 nm shift Lesonance wavelength, from the grey to the blue
curve. As we keep injecting hes%x{\(a length during all trapping experiments (resonance
at Nyater), the signal oscﬂlates the two intensity values IMIN and IMAX while the

bacterium oscillates ee}yo positions: trapped above and free around the cavity.

With this meth e are ab to record simultaneously the position of the trapped object and

the fluctuatio 1W mltted signal.

The obj

-

I 'dermia%s

ofs uyﬂe study are the following bacteria, shown in Figure 2(c): Staphylococcus
goregated as diplococcus), Escherichia coli and Bacillus subtilis aggregate.

Theyswere selected because of their similar size to the previously studied polystyrene

31,42,43
be
-

and the differences in morphology and Gram-type between them. Gram staining is
the most widely employed staining method in diagnostic bacteriology™. It divides bacteria

into two major groups, gram-positive and gram-negative, based on their response to the
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Publishing Gram-stain procedure. These two groups correspond to structural differences in the cell wall.
B. subtilis is a Gram+ bacillus, E. coli a Gram- bacillus and S. epidermidis a Gram+ coccus.
Diplococci arise when cocci divide and remain together to form pairs. An E. coli cell and a
diplococcus of S. epidermidis have equivalent size and shape: oval sl? and size of 1 pum x 2
um, compared to a more elongated shape of 1 ym x 7 um for B. s tih}&%regate). E. coli
and B. subtilis have flagella, a molecular motor which enableg th 0 swim in an aqueous
medium. Bacterial strains (E. coli ATCC 117775, S. epi rn‘Djh’s CC 14990, B. subtilis
T~
ATCC 11774) were obtained from KwikStik lyophilized refereneg strains (Microbiologics, St.
Cloud, MN). Starting with a culture of agar med&CO r FSA, bioMérieux) after 24h of

incubation (37°C), a 0.5 McF suspension (B%LhoMérieux) was prepared in API

Suspension medium (bioMérieux). \\
i\
Following are the two analysis r&@s\fo understanding and characterizing bacteria
trapping.
The Brownian motion of eas%\fsudied bacterium and the effect of trapping on their

trajectory is shown in

igure 3. We'characterize the effect of the trap by a parameter called
“confinement factof” whg“bhe ratio of the rectangular area covered by bacteria position (L
x 1) without zéd '/ tpépping. The trapping is demonstrated by the reduction in the
displace t‘jea nfinement factors between 3.2 and 57) and its major effect is a
transy, rsa}/co ement (area reduced by a factor ranging from 2.8 to 15.5 in comparison to

1.4 to6 fo téal confinement).
da thi mi)rocavity, previous studies have evidenced that the evanescent field is spread over
WO I}axima of electromagnetic field.”> We observe in Figure 3(b) that S. epidermidis and E.
S coli interact with one maximum of the field at a time (S. epidermidis stays on one while E.

coli keeps 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.
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Publishing 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.

V.
Confinement {
Factor Transversal P ral
B ) L b confinement ¢ @nﬁne ent
acterium - ratio \\«ratio
Vi /a @/ /?) ‘\ \ o/
S. epidermidis 57 9.5 M 6
E. coli 30.6 55 L, N 2
B. subtilis 3.2 )’ 1.1

g N
Table 1. Numerical analysis of the spatiK)vio‘r))f trapped and free bacteria.
-

The transversal direction is parallel to they&%
‘\\:
In Table 1, more details about con%t are shown. It highlights a stronger effect of the

he lateral one is parallel to the x axis.

T~
trap on S. epidermidis and E. coli,\%«u{ . subtilis (confinement factors are 57, 30.6 and 3.2

respectively). This table alsoM more effective confinement along transversal axis than

along lateral one. Ford. epidegmidis lateral and transversal confinement are of the same order

of magnitude, which can be

£

for E. coli . subtilis the transversal confinement prevails. It is consistent with the

inked to the spherical shape of the bacterium. On the other hand,

behavior t@baoteria in the trap: they align with the structure, with their longer dimension

parallel_tofthe /c ity. From this it is inferred that the lateral and transversal contributions
—

provide isfo ation 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

S ffectiveness 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 amongst the three investigated bacteria species
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Publishing possess a very distinct spatial signature, which is linked to their size, shape (symmetry) and

flagella.

In parallel, monitoring the optical signal transmitted through the cavity (Figure 4) enables an
accurate detection of the trapping effectiveness: we observe high frquNscillations and
intensity drop of about 20% when a bacterium is trapped (Figure 4
On Figure 4(b) the temporal variation of the optical signal t s}iﬁed\through the microcavity
-~
during the trapping of the three kinds of bacteria is hownSIt is compared to the signal
detected in the same conditions without trapping.@:aussthe amplitude is the most relevant
criterion to discriminate these curves, we calculatethe histogram function of the transmitted
signal (Figure 4(c)). Its characteristic elem:\u.be full width at half maximum (FWHM)
and the probability to have each in ns1ty ue. E coli is characterized by a FWHM at least
twice larger than the two other terla 1ch can be linked to its large lateral displacement in
the trap (Figure 3(b, blue c e contrary, S. epidermidis histogram function has a
very low FWHM which-hi h11 hts the unique position of equilibrium for the bacterium (high
probability for onefinte ‘Blue) matching with one field maximum (Figure 3(b, orange
curve)). Flna th t1c signal transmitted through the adapted SOI microcavity is self-
consistent fo acte dlscrlmlnatlon in this example. This result is reproducible, as shown
Figure (d) 0 Wthh the average FWHM and the standard deviation are represented for each
erlt(m (measurements made on four different trapping for each type of bacterium).
ighlighted here that amplitude is a relevant criterion to differentiate the optical signal
transhutted through the microcavity, in which the substantial part of the information is located
be,low 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
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Publishing 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 the calculation of the
redshift in 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 to
bacterium phenotype, as represented Figure 5(bl): its value ran eér 0.20 nm for S.
epidermidis to 0.30 nm for E. coli. Each colored peak represents t )sonant mode available
according to the type of trapped bacterium. By projecting t eﬂ?}u on the resonance peak
of the optical trapping structure we are able to assign afspecificiarea of the peak to each type

of bacterium (Figure 5(b2)) and used it to discrimitj[_g them. 5

Finally, the two methods of characterization (spatial ahéd temporal) are consistent with each
qun@;

other: the displacement of E. coli on the k\ cent field maxima can be linked to the

—~u

large amplitude of its trapping signal and*the higher value of the FWHM of its histogram

\ S

function. S. epidermidis oscillafes clos¢ to its equilibrium position (one field maximum),
t

matching to one transmitted %&1 e of highest probability.

In this paper we show t hktonic single cell bacterium can by trapped by the evanescent
£
y tuned

field of a pro?Qﬂ microcavity. Both spatial (Brownian and partially-trapped motions)
and temp al-S)ptic transmission measurement) methods are relevant to finely study the
bacteri m/be vior within the trap. The spatial signature demonstrates that morphological
prepextiessQf bﬁcteria (size, shape and presence of flagella) can be identified through the

L0 eme)r[ factor parameter. The temporal signature acquired after the analysis of the

ﬂuctl§1tions in the optical transmitted signal over time during bacteria trapping allows us to

S tdentify 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
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Publishing might be suitable to reduce cost in 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.

Supplementary material <\

A clip is provided in the supplementary information. It sho m%ﬁguide which leads light

into the microcavity. The optical structure is surrounded- by “diplococci of Staphylococcus

epidermidis swimming in water and we can see ihat one_is happed and interacts with the

electromagnetic field of the microcavity. This

the trapping described in this paper: on ev. r;\%

bacteria which leads to the construction icfrajectories.

<
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Pu bllSh | ng Flgure captlons:

FIG. 1. Redshift of the microcavity resonance wavelength in presence of a bacterium above
it. (a) High quality factor structure which is ideal for detection of t?ztarget object with no

trapping of bacteria. (b) Intermediate quality factor structure, id %)bact ia trapping and

analysis. \
-)

FIG. 2. (a) SEM image of the single microcavity used«for a ;é?;‘periments. (b) Trapping
set-up: fluidic system on a 1D PhC, light injected in 1‘21‘16 ticalstructure with a polarized fiber
and recorded on structure output (TEMPO L).(Secof@ trapping analysis by microscopy
column above the cavity (SPATIAL). The %rtg related to E. coli are shown in blue

and those associated with S. epidermi wn in orange, (¢) SEM images of the under

study bacteria: (1) diplococcus of %IOC us epidermidis, (2) Escherichia coli and (3)

—
aggregate of Bacillus subtilis. \\
FIG. 3. (a) Brownian motim@lacocous of S. epidermidis (orange curve), an E. coli cell

(blue curve) and a

%ggregate (red curve) during 50 seconds, tracking of bacteria
center. (b) Tra tléjec})rles of S. epidermidis diplococcus (orange curve), E. coli (blue

curve) and B. subtilis (red curve) during 50 seconds. Tracking of bacteria center for S.

E. coli, tracking at left edge (L), center (C) and right edge (R) for B. subtilis.

cmhis of trapping for the bacteria S. epidermidis diplococcus (orange), E. coli (blue), B.
subtilis aggregate (red) and with no bacteria trapped (in bacteria and water medium) (black).

(c¢) Histogram function of the transmitted optical signal. (d) Average FWHM for each type of

11
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Publishing bacterium (measurements on four different trapping by type of bacterium). Standard deviation
is also represented and shows three distinct signatures with no overlap.
FIG. 5. (a) Experimental measurements, resonance peak of the optical structure used to trap
bacteria (in black) and lorentzian fit of this curve (in grey), using Fit 45 (curve fitting and
peak fitting software). (b) (1) Redshift in the microcavity resonan eé;e%gth in presence
of a diplococcus of S. epidermidis (orange curve), an aggregate o )ubtilis (red curve) and
an E. coli cell (blue curve) above the optical trap. (2) Re r€§)utat of the redshift in the
resonance curve, delineated areas for each type of tyapped terium. These curves were

obtained by a lorentzian fit to experimental curvescjfle ight ;ale.

)
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