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A new concept for an optical biosensor based on whispering gallery mode (WGM) excitations in
clusters of spherical microresonators is presented. Clusters of microresonators offer the advantage
to exhibit specific WGM spectra that can be considered as their fingerprint. Therefore, individual
clusters can be traced throughout an experiment even without knowledge of their precise positions.
Polyelectrolyte adsorption onto clusters of 10 um polystyrene spheres is monitored in situ. It is
shown that the WGMs shift to the same amount as those of a single microresonator and thus
sensitivity does not depend on the number of microresonators present in the cluster. © 2008
American Institute of Physics. [DOI: 10.1063/1.2907491]

Microscopic optical resonators based on whispering gal-
lery mode (WGM) excitation have attracted much attention
due to their fascinating ability to confine light on the micron
scale’ and have found applications2 as miniature laser
sources,3_6 optical Waveguides,6 ﬁlters,7 and mechanical® or
biologicalg"0 sensors. WGMs are generated when light is
trapped in a resonator by total internal reflection and propa-
gates along its inner circumference. The simplest geometries
for such systems are rings,11 spheres,4 and c:ylinders.12
Corresponding modes can also be observed in nanocrystals
with hexagonal cross section'” or even in asymmetric optical
cavities."* WGM can achieve extremely low losses' when
the refractive index contrast at the resonator boundaries is
high, the radius of curvature exceeds several wavelengths,
and intrinsic scattering as well as surface roughness of the
cavity are small.””

In fact, WGM positions are very sensitive to any modi-
fication of either the refractive index in vicinity of the reso-
nator or shape and refractive index of the cavity.16 This phe-
nomenon has led to the development of various optical
biosensors,”'*'""? which achieve high sensitivity and can
even provide information about the orientation of the ab-
sorbed molecules.”’ For the detection of biospecific interac-
tions, the cavity surface can be accordingly surface
functionalized.”

Due to their high Q factors,15 so far most biosensors
based on WGM have been made of single silica micro-
spheres or toroids with a radius between 60 and
200 ,um.g’lo’lH9 In such case, WGM excitation is achieved
by applying a narrow-band light source, such as a distributed
feedback laser diode, and evanescent field coupling between
the microsphere and a prism or an optical fiber. This detec-
tion scheme requires a very precise control of both the posi-
tioning of the microsphere with respect to the prism or opti-
cal fiber” and the frequency and intensity of the light source.
Considering that typically many single resonators have to be
measured either in order to increase the accuracy of the de-
tection or for multiplexed detection in an array format, the
task becomes complex, thereby limiting the prospects of
such sensors.
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In this letter, a new approach for optical biosensing is
presented utilizing WGM excitations in clusters of fluores-
cent microspheres as the sensing element. The clusters con-
sist of polystyrene (PS) microspheres (Polysciences, Inc.,
Warrington) with a higher refractive index (npg=1.59) com-
pared to silica (ngjo,=1.46), which allows the reduction in
the microsphere radius down to 5 um (standard deviation
=0.4 um) without loss of the ability for WGM excitation
even in an aqueous environment. The microspheres were
doped with a fluorescent laser dye (Coumarin 6G) in order to
excite WGM from the interior of the particle under exposure
to a cw-HeCd laser operated at 442 nm. This kind of excita-
tion supersedes the mechanical precision required for eva-
nescent field coupling. The microspheres were randomly de-
posited on a thin glass slide by drop coating from highly
diluted suspension in order to form clusters of various sizes;
then, a microfluidic flow cell made from polydimethylsilox-
ane with a size of the flow channel of 15X 2% 0.1 mm? was
built around the sample. An inverted microscope (Nikon
TS100) was used to collect the signal from a single micro-
sphere or cluster. For acquisition of the WGM spectra, a
high-resolution monochromator [Jobin Yvon TRIAX 550,
600 1/mm, 0.126 nm optical resolution with an entrance slit
width of 40 wm and the chosen charge coupled device
(CCD)] and a cooled CCD camera (Andor Technology
DU 440) were applied.

Polyelectrolytes (PEs) were chosen as a well-defined
model system™ to determine the sensitivity of clusters of
microspheres with respect to the adsorption of organic mol-
ecules onto their surface. Poly(allylamine hydrochloride)
(PAH) [molecular weight of (MW) 15.000 Da] and
poly(sodium 4-styrenesulfonate) (PSS) (MW of 70.000 Da)
(both Sigma Aldrich) were alternatingly deposited by means
of the layer-by-layer technique described elsewhere. 2%
WGM measurements were performed in Millipore water
prior to and after each step of PAH/PSS bilayer deposition,
which was repeated for several times to monitor the change
in the WGM spectra as a function of increasing film thick-
ness. The resulting WGM spectra for a single microsphere
and a cluster composed of three microspheres are presented
in Figs. 1(a) and 1(b), respectively. For the single micro-
sphere, the periodic pattern of the first order TE and TM
WGMs can be clearly seen because higher order mode exci-
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FIG. 1. WGM spectra of (a) a single microsphere and (b) a cluster of three
microspheres, respectively, upon sequential deposition of several PAH/PSS
bilayers: (1) WGM spectra before PE deposition, (2) after first bilayer, (3)
after second bilayer, and (4) after third bilayer; Spectra were vertically dis-
placed for clarity.

tations as they may be observed in the dry state™ are
quenched in water. The WGM wavelength shift toward
higher wavelengths (for both TE and TM) upon deposition of
the PE films can also be observed. For the cluster, the WGM
spectra exhibit a more complex structure than those of the
single sphere due to both the superposition of the first order
TE and TM WGMs emitted by each individual microsphere
constituting the cluster and additional modes that may arise
from coupling between the microsphe:res.%’28 Most impor-
tantly, upon deposition of PE onto the cluster, all peaks ob-
servable prior to the coating remain present with similar line
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shape and are simply shifted toward higher wavelengths as a
whole, in a similar fashion as those of the single micro-
sphere. This is an important finding because in contrast to
single microspheres, each cluster exhibits a characteristic
WGM spectrum, which sensitively depends on its composi-
tion, i.e., on the number of microspheres within the cluster as
well as their size® and their positioning27 with respect to
each other. Because of this strong dependence, a variety of
clusters even with same particle number and same nominal
size can be distinguished from each other, given that even the
best commercially available monodisperse particle suspen-
sions exhibit a size distribution of >3%. For example, under
the conditions used in the present study, i.e., a nominal bead
radius of 5 um and an optical resolution of the detection
system of 0.126 nm, about 240 different bead sizes can be
distinguished within a size range of +39%.% Accordingly,
(240)%/2!=28 800 dimers and (240)3/31=2.3 X 10° trimers
may be formed, which all exhibit different spectra, so that
the probability of finding two clusters in the same sample
exhibiting the same spectrum is basically negligible. There-
fore, a cluster’s characteristic WGM spectrum can be consid-
ered as a fingerprint, which allows its identification even in
the presence of many others on the surface, thereby paving
the way for multiple particle tracking and sensing in high
density array formats.

To avoid tedious peak-by-peak fitting and thus to further
facilitate array sensing, an autocorrelation function was used
to determine the average WGM wavelength shift due to the
adsorption of PE. The results of the autocorrelation between
WGM spectra measured prior to the deposition of PE and
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FIG. 2. Results of the autocorrelation between a first spectrum prior to coating and a second one taken after deposition of three PAH/PSS bilayers for (a) a
single microsphere and (b) a cluster of three microspheres; (c) results of a correlation analysis of spectra obtained from two different single spheres (dotted
line) as well as two different trimers (solid line), respectively, without PE coating. All correlations shown in (a)—(c) were calculated with a step width of
0.039 nm over a wavelength range of 15 nm; (d) average WGM wavelength shift as a function of the number of microspheres present in the cluster for three
different PE layer thicknesses. The errors shown are the standard deviations of the experimental errors calculated from 10 to 12 measurements on different

beads or clusters for each data point.
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after the third coating are shown in Figs. 2(a) and 2(b), re-
spectively, for both a single microsphere and a cluster of
three. In both graphs, the autocorrelation is represented by a
symmetrical function with a Gaussian envelope, from which
the average WGM wavelength shift induced by the three
bilayers of PE can be immediately obtained by determination
of the position of its absolute maximum [cf. the insets of
Figs. 2(a) and 2(b)]. This also confirms the earlier observa-
tion that the deposition of PE mainly causes a peak shift but
leaves the line shape of the spectra basically unaltered. Simi-
lar measurements were performed for various clusters with
different sizes and configurations, and the results show that
whatever the cluster size and shape may be, the WGM wave-
length shift always resembles that of a single microsphere
[Fig. 2(d)]. Therefore, optical sensing using WGM excita-
tions in clusters of microspheres is as sensitive as when us-
ing single spheres with the additional advantage of the char-
acteristic fingerprint, which is particularly interesting for
simultaneous tracking of a variety of clusters and sensing in
array formats. To validate the specificity of the fingerprint,
cross correlations were calculated between spectra of differ-
ent clusters or single microspheres, respectively. In fact, in
that case, as shown in Fig. 2(c) for two clusters containing
the same number of microspheres, the correlation has a much
less pronounced maximum of much wider peak width [cf.
the inset of Fig. 2(c)], thus allowing a clear distinction from
the result of the autocorrelation, as shown in Fig. 2(b). On
the other hand, as also shown in Fig. 2(c), when performing
the same calculation on spectra of two different single mi-
crospheres, the correlation yields a similar result to that of an
autocorrelation performed between two spectra from the
same sphere [cf. Fig. 2(a)]. This implies that two different
single microspheres cannot be distinguished from each other
by means of a correlation analysis.

The observation that clusters are as sensitive as single
microspheres means further that the mathematical descrip-
tion developed for sensing with single spheres can—at least
in parts—also be applied to clusters. In the limit ¢ <R, the
thickness e of the deposited PE layer can be calculated from
the WGM wavelength shift N by ON/AN=0R/R=n;e/ nSR,25
where \ is the position of the considered WGM peak, JR the
effective increase in the microsphere radius R due to the
deposition, and n;=1.47 and ng are the refractive indices of
deposited layer and microsphere, respectively. Note that only
the effective increase in sphere radius is accounted for by
introducing the factor n;/ng. For O\, the results of the auto-
correlation spanning the range from 500 to 515 nm were
used, so that A was set to A\=507.5 nm in the calculation. We
found the error introduced by this kind of averaging below
the spectral resolution of our experimental setup and
thus neglect it here. We obtained a thickness of
€1=2.5%*0.76 nm for the first bilayer, e,=3.2*0.32 nm for
the second, and e3=3.7*0.28 nm for the third bilayer, re-
spectively. In good agreement, the literature values for the
thickness of PAH/PSS bilayers are about 3.4 nm on
average.23’24 It is known, however, that the first few layers
form poorer films, which is corroborated by our ﬁndings.30

In conclusion, we have shown that clusters of micro-
spheres can be used for optical in situ biosensing by means
of WGM excitation. Each cluster exhibits a specific WGM
spectrum that can be considered as its fingerprint and latter
can be used for the identification of the traced cluster by
means of a correlation function, which may simultaneously
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yield the average WGM wavelength shift induced by the
adsorption of a (bio)molecule onto the cluster’s surface. The
shifts found for clusters had the same magnitude as those
observed under the same conditions with single micro-
spheres. Therefore, for the calculation of the thickness of the
deposited layer, a simple model derived for a single micro-
sphere could be applied. This new detection scheme is par-
ticularly useful for the integration of a large number of de-
tection sites within a single biosensor chip ensuring that each
cluster can be readout properly even without knowledge of
its precise position on the chip surface.

The authors would like to acknowledge Dr. S.
Krishnamoorthy for valuable discussions.
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