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ABSTRACT Whispering gallery modes (WGM) of dye-doped
polystyrene beads with diameters from 20 down to 1.5 µm are
studied with respect to their appearance and linewidth by ex-
citation of the entire mode spectrum within the emission range
of the dye. The lowest order (q = 1) modes, which travel most
closely to the inner particle surface, are assigned to their individ-
ual quantum numbers by means of a least-square-fit, resulting in
a precise determination of particle radius and eccentricity. On
this basis, the suitability of these microscopic cavities for ap-
plications in optical (bio-)sensing is explored. Due to the low
quality (Q) factors of these small cavities, particles with diam-
eters below 6 µm exhibit only q = 1 modes, thereby causing
a drastic simplification of the WGM spectrum. In such spec-
tra, the shift in the WGM positions upon molecular adsorption
can be easily monitored, as we demonstrate for the adsorption
of bovine serum albumin as well as multiple layers of poly-
electrolytes onto the surface of particles with 2 µm diameter.
Mie simulations are used to confirm our findings. With a mass
sensitivity limit of 3 fg, these microscopic sensors are highly
competitive in the field of label-free detection techniques. More-
over, their small size and the simplified, dye-mediated excitation
and detection scheme may pave the way to remote in-vitro
biosensing in the future.

PACS 07.07.Df; 42.60.Da; 42.70.Jk

1 Introduction

Optical microcavities confining light to meso-
scopic volumes have recently become attractive tools in var-
ious fields of basic and applied research [1–3], ranging from
fundamental studies on quantum electrodynamics, such as
Purcell enhancement [4] and emitter-photon coupling [5, 6],
to more practical fields, like the development of microscopic
laser sources [7, 8], optical filters [9], and transducer mech-
anisms for optical sensing [10–12]. For (bio-)sensing, only
low-loss cavities have been recognized so far, due to their
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high resolving power and correspondingly high sensitivity
to changes in their immediate environment. However, this
concept is hampered by limited miniaturization potential and
demands on mechanical precision. Here, we explore the po-
tential of dye-doped polymer beads of 2 µm diameter for
biosensing in the high loss regime. The key to this is the
1/R dependence in the modes’ wavelength shift on the par-
ticle radius, R, due to molecular adsorption, which may
overcompensate limitations associated with their increased
linewidths [13]. The 1/R law will be proven experimentally
by polyelectrolyte adsorption and numerically by Mie calcu-
lations, thereby confirming an unrivaled sensitivity limit for
label-free biosensing of 3 fg of analyte.

Dielectric microcavities fabricated from low loss media
with sizes from several tens to hundreds of microns have been
renowned for the highest Q-factors ever achieved in optical
resonators with values close to 1010 [14]. The extreme nar-
row linewidths ∆λν of the cavity modes, which are connected
with the Q-factor Qν and the peak position λν of mode ν ac-
cording to Qν = λν/∆λν, suggest an extraordinary resolving
powerR= λ/δλmin, where δλmin ∼ ∆λν is the least resolvable
wavelength difference of the system. The high-Q modes in
such systems are so-called whispering gallery modes (WGM),
which can be viewed as light traveling along the inner cir-
cumference of the particles at incidence angles above the
critical angle for total internal reflection (TIR) (cf. Fig. 1a).
On the outside, an exponentially decaying evanescent field
exists, which is sensitive to changes of the dielectric func-
tion in the intimate vicinity of the cavity, thus facilitating the
fabrication of highly sensitive microscopic biosensors, where
either the shift in the resonance position [12] or the change
of the Q-factor [11] due to biomolecular adsorption on the
outer cavity surface can be detected with a mass sensitivity of
up to 6 pg/mm2 [15]. This concept of high-Q WGM sensing
is hampered however, by several obstacles, particularly with
respect to biotechnological demands for miniaturization, mul-
tiplexing, and simplicity of use. The deeper cause for such
discords is the limitation in minimum particle size of WGM
cavities imposed by the demand for high Q-factors.

Losses in dielectric WGM cavities originate from mate-
rial absorption and scattering, scattering at the interface due
to surface roughness, and a loss related to the curvature of
the reflecting surface. The latter becomes increasingly import-
ant with decreasing R due to the increasing average incidence
angle of the circulating light, which finally leads to a violation
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FIGURE 1 (a) The plots exemplify the field intensity distribution for
n = m = 44 modes with q = 1, 2, and 3, respectively. (b) Scheme of the
experimental set-up for excitation and detection of WGM in fluorescent PS
beads by means of a Raman microscope

of the TIR condition below a value Rmin. A simple geometric
consideration that replaces the path of the WGM inside of the
cavity by a polygon of side-length λ yields

Rmin = λ

nc

1

π − θcrit
,

where θcrit (in rad) is the critical angle, nc the refractive index
of the cavity, and λ the vacuum wavelength of the circulat-
ing light. λ = 500 nm and nc = 1.5, predicts Rmin = 200 nm
for a cavity in air. Below this size, the cavity has lost all
capability to trap photons by TIR. In practice, however, the
other loss mechanisms add to this basic limit. The smallest
dielectric particles, for which WGM excitation has been re-
ported to date, are polystyrene (PS) spheres with a diameter
of 2 µm [16]. The observed low Q-factors reduce the resolv-
ing power of the system, so that particles in this size regime
have not been considered for (bio-)sensing applications so far.
To achieve Q-factors sufficiently high for sensing, particles
should be made from materials with low internal scattering,
such as silica, and should have diameters of some hundreds
of microns. This size limitation, however, harshly restricts the
implementation of WGM biosensors. As shown in Fig. 2 for
a 20 µm sphere, the WGM spectrum of particles with diam-
eters exceeding ten microns is very complex, thus complicat-
ing tracing of any changes. Therefore, in practice, a single
mode is selected as sensing mode by coupling light of suf-
ficiently narrow bandwidth into the cavity from the outside.
Efficient coupling requires the spatial overlap of the evanes-
cent fields of the cavity and the source of excitation, e.g., the

FIGURE 2 Fluorescence emission from polystyrene (PS) particles contain-
ing a fluorescent dye for different particle sizes. The emission spectra are
strongly modulated by whispering gallery mode (WGM) excitations. The
mode assignments result from the fitting of the particle radii as described in
the methods’ section. Particle diameters (from top): 20, 6, 2, 1.5 µm

core of an optical fiber, a fiber coupler, or the waist of a sharply
focused Gaussian laser beam [2]. The distance between the
evanescent fields of excitation source and particle, respec-
tively, must be controlled with nanometer precision, thereby
complicating the applicability of the system.

We have, therefore, investigated the potential of small par-
ticles with low Q-factors for (bio-)sensing applications. Our
study is based on an important finding. As has been shown by
Schweiger and Horn [17], the mode spacing in spherical cav-
ities depends on size and refractive index of the cavity, and –
typically to a lesser extent – on the refractive index of the envi-
ronment. In the case of adsorption of a thin layer of thickness
d and excess polarizability αex on the outer cavity surface, this
translates into a size-dependent wavelength shift ∆λ. Arnold
and coworkers [13] derived the sensitivity, ∆λ/λ, of WGM
biosensors for the adsorption of very thin adsorption layers
(d � λ) from a perturbation theoretical approach.

They showed that ∆λ/λ ∼ αex/R, and confirmed this find-
ing experimentally for particles with high Q-factors, i.e. for
particles with diameters of some tens to some hundreds of mi-
crons. As we will show below, this power law remains valid
also in the low-Q regime for cavities as small as 2 µm in diam-
eter. Therefore, the loss in resolving power may be overcom-
pensated by an increase in sensitivity, i.e. a larger resonance
shift, when reducing the size of the particle. In addition, its
total surface area decreases with 1/R2, so that for fixed resolv-
ing power the detection limit scales with 1/R3, i.e. less and
less biomolecules may be detected with increasing sensitivity.
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As we will also demonstrate, one further advantage of
using small particles is their simple mode spectrum, which
can be entirely excited and used for sensing without causing
any ambiguity. Thus, the crucial evanescent field coupling can
be avoided, e.g. by exciting the mode spectrum from the in-
side of the cavity by means of a fluorescent dye, thus largely
widening applicability and ease of usage of WGM sensors and
making them potential candidates for in-situ micro-sensing
applications.

2 Experimental

2.1 Chemicals

Sulfonated polystyrene (PS) particles of differ-
ent sizes (Polysciences), xylene (96%, Merck), nile red
fluorescent dye (HPLC grade, Fluka), poly(allylamine hy-
drochloride) (PAH, MW 15 000 Da) and poly(sodium 4-
styrenesulfonate) (PSS, MW 70 000 Da), and bovine serum
albumin (BSA, 98%, MW 66 kDa) (all Sigma Aldrich) were
used as received. Deionized water (> 18 MΩ cm) was pro-
duced by a MilliQ plus system.

2.2 Inking

A 500 µl saturated solution of nile red in xylene
was placed on top of 8 ml of a PS particle suspension diluted
∼ 40 fold by means of deionized water. The resulting phase-
separated system was gently shaken until the xylene had
evaporated. The remaining aqueous phase was centrifuged
at 5000 rpm and the supernatant removed in order to obtain
a concentrated suspension of dye-inked PS particles.

2.3 Coating

2.3.1 Bovine serum albumin. 1 mg of BSA was dissolved in
1 ml of deionized water. For coating of the PS beads with
BSA, the particles were first rinsed with pure water three
times (using a microliter syringe) and then dried in air for
15 min. Subsequently, 20 µl of the BSA solution were placed
on the particles for 30 min. After removal of the BSA so-
lution, the particles were again rinsed three times with pure
water and then dried in air. The emission spectra before and
after BSA adsorption were acquired after the respective dry-
ing processes.

2.3.2 Polyelectrolytes. PAH and PSS were both adsorbed
from either salt-free or 0.5 M NaCl aqueous solutions at
a concentration of 1 mg/ml, respectively. We used the same
procedure for coating with polyelectrolytes (PE) as that de-
scribed above for BSA adsorption, i.e. three washing steps
were applied before and after exposure of the particles to the
particular PE solution, respectively.

2.4 WGM measurements

For the study of dye-inked PS beads with diameters
from 1.5 to 20 µm, a Dilor LabRam Raman microscope was
used to excite the dye and detect the radiation scattered from
the particles as illustrated in Fig. 1b. The particles were first

immobilized on a poly(methylmethacrylate) (PMMA) sub-
strate and then placed in the focus of a 100× objective. For ex-
citation of the fluorescent dye, a cw Ar ion laser was coupled
into the microscope at a radiant power of 15 mW, yielding
a focus of 3 µm diameter. The emitted light was re-collected
by the 100× objective and separated from the excitation by
means of a Notch filter. The spectral range of the detection
unit was 520–660 nm at an optical resolution of δλ = 0.03 nm.

2.5 Determination of particle radii

WGM are easiest described in terms of spherical
coordinates r, θ , and ϕ, where r is the radial coordinate, θ the
polar angle, and ϕ the azimuthal angle. The boundary condi-
tions r < R, 0 < θ < π, and ϕ = 2πn +ϕ, where n is an integer,
lead to a quantization by means of three quantum numbers q,
n, and m. Thereby, q is equivalent to the number of intensity
maxima in radial direction, 2n corresponds to the number of
intensity maxima in azimuthal direction (for n = m), i.e. along
the sphere’s circumference, and m −n +1 gives the number of
intensity maxima in polar direction. Figure 1a visualizes the
intensity distribution for n = m = 44 modes with q = 1, 2, and
3, respectively. Obviously, q = 1 modes have a field distribu-
tion closest to the particle surface. Therefore, they exhibit the
highest Q-factors.

For accurate determination of the sensitivity of a spherical
WGM sensor, the precise knowledge of the particle radius R
is of utmost importance as the wavelength shift due to changes
in the immediate environment of the particle is inversely pro-
portional to R (cf. (4)). To extract this value from the WGM
spectra with high precision, we proceed as follows. As pointed
out by Oraevsky [18], the resonance frequencies of the q = 1
modes can be approximated by the following analytical ex-
pressions for transverse electric (TE) and transverse magnetic
(TM) fields, respectively:

ωTE
n ≈ c

R
√

εµ

[
ν+1.85576ν

1
3 − 1

µ

√
εµ

εµ−1

]
, (1a)

ωTM
n ≈ c

R
√

εµ

[
ν+1.85576ν

1
3 − 1

ε

√
εµ

εµ−1

]
. (1b)

Here, ν = n +0.5, where n is the WGM quantum number of
the azimuthal angle ϕ, and ε and µ are the dielectric permit-
tivity and magnetic permeability, respectively, of the particle.
For polymer beads holds µ = 1, while ε can be calculated via
the Maxwell relation ε = n2

c . The quantum number m of the
polar angle θ does not enter these formulas due to the spherical
symmetry of the system. For deviations from spherical sym-
metry, the degeneration in m is resolved. For small deviations,
the mode splitting can be written [18]

ωmn ≈ ωn

[
1 − d R

R

(
2 +3

n2 −m2

n2

)]
, (2)

where d R is the deviation of the minor axis of the spheroid
from the initial radius of the sphere.

For evaluation of the measured WGM spectra, we com-
bined (1) and (2) by defining the parameter

P =
[

1

R
−2

d R

R2

]−1

.
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Then, the WGM resonance positions can be written as

λTE
n ≈ P ∗

(
1

2π
√

εµ

[
ν +1.85576ν

1
3 − 1

µ

√
εµ

εµ−1

])−1

,

(3a)

λTM
n ≈ P ∗

(
1

2π
√

εµ

[
ν+1.85576ν

1
3 − 1

ε

√
εµ

εµ−1

])−1

.

(3b)

Equation (3) can be used for precise determination of the
particle radius and eccentricity by a least-square fit to the ex-
perimentally determined WGM positions as a function of the
parameter P. Since the WGM quantum number n is also un-
known, the least-square fit is repeatedly performed for a whole
range of n, which has been estimated roughly from the nomi-
nal particle size before starting the fitting. For example, for the
2 µm beads, n was varied from 1 to 100. Then, that value of
n is selected, for which the χ2 deviation of the fit is minimal,
thereby also obtaining the best fit-value for the parameter P.
From the latter, the particle radius and its deviation d R can be
calculated.

2.6 Simulations

Mie-calculations were performed with mathemat-
ica 3.0 for windows (Wolfram Research) on a personal com-
puter. For calculation of the WGM resonance shifts due to
coating of the particles with an adsorbate, we used the the-
ory of Aden and Kerker [19] for a homogeneously coated
sphere, however, in the formulation of Quirantes and Del-
gado [20] due to the better suited representation of the Mie
coefficients. The refractive indices were nc = 1.59 for the PS
particle, nPE = 1.47 for the PE coatings [21], and nenv = 1.0
for the environment of the coated particle. The step size was
set to dλ = 0.05 nm to achieve sufficient wavelength reso-
lution [22]. During the simulations, which were performed
for the smallest particle size of 2 µm diameter only, we did
not find any significant contributions from Mie coefficients,
an, bn, with n > 20. Therefore, the sum over n for calculating
the scattering cross sections was limited to nmax = 30. Se-
lected calculations performed with nmax = 100 did not show
any differences in the results. This observation is in excel-
lent agreement with a study by Roll et al. [22], who found
that the contribution of Mie coefficients above the expansion
order ntrunc = 2πnc R/λ is negligible, which yields ntrunc = 17
for a WGM positioned at λ = 600 nm and the 2 µm particles
studied here.

3 Results and discussion

Excitation of the dye molecules inside of the par-
ticles by means of the Raman microscope is highly effective
as its tight laser focus can be placed into the center of the
beads, thereby yielding perpendicular incidence across the en-
tire illuminated area on the bead surface and thus minimizing
reflection losses as well as lensing effects. The excited dye
molecules emit in arbitrary direction, in this manner acciden-
tally also populating cavity modes. Accordingly, particularly
dye molecules in proximity of the particle surface contribute

to WGM excitation. While light in other directions is imme-
diately scattered to the outside, the modes gain steadily in
intensity and may also experience further increase due to stim-
ulated emission. Therefore, as shown in Fig. 2 for different
particle sizes, the fluorescence spectra are strongly modulated
by the cavity modes, which can be assigned to the emis-
sion maxima. With decreasing cavity size, the spectra lose
complexity, since less and less modes have sufficiently high
Q-factors to overcome the increasing losses due to the in-
creasing curvature of the surface. Moreover, the free spectral
range, δλ = λ2/(2πnc R+λ), depends inversely on R, thereby
further reducing the number of modes within the emission
range of the dye.

In Fig. 2, the WGM with q = 1 have been assigned to their
theoretical values by a least square fit of the resonance pos-
itions as pointed out in the experimental section. The eccen-
tricity of the particles, i.e. the ratio d R/R, was always below
5%, so that we may assume that the modes are degenerate in
the quantum number m. Therefore, only the quantum numbers
q and n will be considered in the following. Except for the
spectrum of the 20 µm particle, where only the q = 1, n = 180
modes have been marked for the sake of clarity, all q = 1
modes have been assigned in the spectra. While the larger par-
ticles exhibit also modes with higher q, i.e. modes lacking any
assignment, the smallest two particles show only q = 1 mode
excitations. This observation exemplifies that losses in these
particles have become significant and only those modes with
the highest Q-factors survive, while all others are quenched.
The q = 1 modes propagate most closely to the interface and
thus, have the highest incidence angles, thereby facilitating
fulfillment of the TIR condition. Accordingly, they are least
affected by the increase in curvature with decreasing R and
do still persist while higher q modes are already damped out.
They also, however, suffer from the increasing losses as can be
concluded from the significant line broadening. For compari-
son, the linewidths of different TE and TM modes and particle
sizes are given in Table 1.

Particles with 1.5 µm diameter are the smallest for which
we achieved excitation of WGM. The extreme broadening
of the lines indicates a practical limit for WGM excitation.
A reasonable trade-off between miniaturization and spectrum
quality is found at 2 µm diameter. Therefore, we tested the
2 µm beads for their sensitivity towards biomolecular adsorp-
tion using BSA as a model protein. As displayed in Fig. 3,
a clear shift of 0.86 nm is observable, which is in line with [12]

∆λ

λ
= αBSAσs

ε0
(
n2

c −1
)

R
, (4)

which yields ∆λ = 0.73 nm1. In (4), αBSA is the polarizabil-
ity of the BSA molecules and σs their surface density on the
particle surface.

This promising finding highlights that the 1/R law is valid
even down to few microns in cavity size with a correspond-
ing sensitivity increase, although the total area of the particle

1 Calculated for R = 1 µm. σs = 2.9×1012 /cm2 is the surface dens-
ity of BSA molecules on the particle surface as determined by
Arnold et al. [13], while we calculated the polarizability αBSA = 4πε0
(5.25×10−21 cm3) for BSA in air on basis of the Clausius–Mossotti re-
lation and the result given by Arnold et al. for the excess polarizability of
BSA in water αex = 4πε0 (3.85×10−21 cm3).
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FIGURE 3 Emission spectra from a fluorescent 2 µm PS
particle before and after adsorption of bovine serum albu-
min (BSA)

Size Mode Position FWHM Q-factor
(µm) (nm) (nm)

20 TM q = 1, n = 190 568.8 0.63 897
TE q = 1, n = 190 570.3 0.26 2180
TM q = 1, n = 180 599.3 0.65 925
TE q = 1, n = 180 601.0 0.33 1828

6 TM q = 1, n = 45 556.8 0.78 716
TE q = 1, n = 45 563.8 0.77 732
TM q = 1, n = 44 568.2 0.95 600
TE q = 1, n = 44 575.7 0.68 845

2 TM q = 1, n = 15 552.8 2.43 227
TE q = 1, n = 15 571.0 1.68 340
TM q = 1, n = 14 585.0 3.76 156
TE q = 1, n = 14 605.3 2.50 242

1.5 TM q = 1, n = 11 566.9 14.19 40
TE q = 1, n = 11 590.0 9.48 62
TM q = 1, n = 10 613.2 36.53 17
TE q = 1, n = 10 643.0 12.19 53

TABLE 1 Positions, bandwidths (full width at half maximum), and
Q-factors of selected TM and TE modes in dependence of the particle size.
Corresponding WGM spectra are shown in Fig. 2

– and thus its load – decreases with 1/R2. Assuming a BSA
density [12] of σs = 2.9 ×1012 molecules/cm2, a molecular
weight of 66 kDa, and a peak shift resolution of 0.1 nm, the
detection limit of our system is 4.6 fg. To confirm this en-
couraging result, we selected a well-characterized system for
precise determination of the peak shift in dependence of the
adsorbate film thickness by successively depositing layers of
oppositely charged PE onto the particles from 0.5 M NaCl
aqueous solutions [21, 23]. The inset of Fig. 4 shows the peak
shift as a function of the number of adsorbed PE layers for four
different WGM. Within the experimental error, all four peaks
exhibit the same shift. After three layers, a significant increase
in the slope is observed.

To exclude that salt crystallites remaining in the PE film
after drying induce this increase, we adsorbed PE also from
salt-free solution. For direct comparison, Fig. 4 shows the
average resonance shift2 as a function of layer thickness for

2 Average over all four modes (TM 15, TE 15 and TM 14, TE 14).

deposition from salt-free and 0.5 M NaCl solution, respec-
tively. Thickness was calculated on the basis of a neutron
reflectometry study [23]3, using for the thickness of a single
PAH/PSS-bilayer 8 Å under salt-free conditions and 35.6 Å
in 0.5 M NaCl solution, respectively, with a contribution of
PSS to these values of 76%. Both experimental series (with
and without salt) show the same behavior within the error in-
cluding an increase in the slope for thicknesses beyond 40 Å.
A linear fit of the data from 1 to ∼ 40 Å yields a slope of
0.038 nm/Å. This value4 is in good agreement with (4), which
predicts 0.032 nm/Å. So it is interesting to see what happens
beyond that point.

The perturbation theory used by Arnold et al. [13] for
derivation of (4) neglects any increase in particle diameter
due to adsorption, which, however, might contribute to the
shift as ∆λ

λ
= nL

nc

d
R , where d is the thickness of the adsorption

layer and nL its refractive index. To account for all potential
effects in an accurate fashion, we performed spectrum simu-
lations based on Mie theory for coated spheres as developed
by Aden and Kerker [19]. In Fig. 4, the resulting peak shifts
are indicated by the solid diamonds. A linear dependence on
the layer thickness with a slope of 0.042 nm/Å is observable,
which is larger than the prediction of Arnold et al. [13], thus
indicating that the perturbation theoretical approach lacks the
dependence on layer thickness. Our experimental result for
thin layers up to 40 Å is just in-between the two theoretical
predictions, while the shifts are obviously larger beyond the
thin film regime.

3 We used the thickness of the fully hydrated films as given in [23], since
only for this case data on the refractive index of the PE layer was avail-
able [21]. This does not affect the further analysis, because the system is
only sensitive to changes in optical thickness of the adsorbate layer, i.e.
the quantity “thickness” ×“refractive index”. Further details are given in
the electronic supplementary material.
4 Assuming R = 1 µm and replacing the polarizability αBSA by that
of the polyelectrolytes αPE, as calculated from the Clausius–Mosotti
relation and a refractive index of the PE layer of nPE = 1.47. The
surface density σs of the PE layer was calculated using the relation
�PE NA/Mw = σs/d, where �PE is the density of the PE layer (cf. [22]),
Mw its molecular weight, d its thickness, and NA the Avogadro number.
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FIGURE 4 Calculated and measured shifts of the WGM
resonance peaks of fluorescent 2 µm PS particles due to
adsorption of polyelectrolyte (PE) multilayers. PE adsorp-
tion was performed from 0.5 M NaCl aqueous solution as
well as from salt-free solution to exclude the impact of salt
remaining in the adsorbed layer. The inset shows the meas-
ured shifts for four different modes in dependence of the
number of adsorbed PE layers prepared from 0.5 M NaCl
solution. The main graph displays the average over these
four modes. The error bars indicate the standard deviation
of the sample-to-sample variation. The dash-dotted line in
the main graph corresponds to a linear fit of the meas-
ured peak shifts up to a PE layer thickness of 40 Å. The fit
yields a sensitivity of 0.038 nm/Å in good agreement with
the result of Mie theory, which yields 0.042 nm/Å (fit not
shown). The measured sensitivity corresponds to a mini-
mum detectable mass of PE of 3 fg, assuming a peak shift
resolution of 0.1 nm

Assuming that Mie theory comprises a full description
of the system, these deviations must be related to experi-
mental uncertainties. Since we use surface-adsorbed particles,
the contact area between particle and interface remains un-
coated, which can explain the smaller experimental shift in
the regime below 40 Å compared to Mie theory. Moreover, PE
are known to form thicker adsorption layers after the first few
double layers, an effect which has not been accounted for in
the work of Lösche et al. [23], who calculated average layer
thicknesses. Therefore, we possibly overestimate the thick-
ness in the first regime, thus causing a reduction in slope, and
underestimate it in the latter. In addition, side effects, such
as the accumulation of material underneath the particles dur-
ing the drying process [24], might come into play at higher
layer thickness, since some material deposited on the sub-
strate might be adsorbed only loosely, and thus be dislocated
during the washing cycles. Systematic studies to reveal the ob-
served deviation from Mie theory at high deposition thickness
are currently under way.

4 Conclusions

We have demonstrated the feasibility of WGM
sensing in the low Q-limit and shown that the predicted in-
crease in sensitivity holds. The sensitivity of 0.038 nm/Å for
the adsorption of PE layers translates into a detection limit
of 3 fg, if we assume that a spectral shift in the WGM mode
positions of 0.1 nm can still be detected. To understand how
this sensitivity compares with other label-free methods for
biosensing, we calculated the mass sensitivity (in pg/mm2)
and absolute detection limit (in pg) for a number of state-
of-the-art methods based on their performance demonstrated
in recent publications. The results are given in Table 2, and
the details of the estimation in the electronic supplementary
material.

Interestingly, the table exhibits the following rule of
thumb: macroscopic methods, i.e. methods requiring a mini-

Method Mass sensitivity Detection limit
(pg/mm2) (pg)

surface acoustic waves 6–20 30–100
micro cantilever 460 5.5×10−3

high-Q WGM 6 3
low-Q WGM 213 2.7×10−3

surface plasmons 10 6.3×10−3

(4×10−5)
localized surface plasmons 47 253
(large area)
localized surface plasmons (398) (2×10−6)
(single Au particle)
composite systems 55 37×10−3

(metal film + metal particle)

TABLE 2 Mass sensitivities and detection limits for a selection of label-
free optical methods for biosensing. Values in parentheses refer to theoretical
extrapolations. The details of the derivation of these estimates are provided
in the electronic supplementary material

mum surface area for detection of (100 µm)2 and above, show
very high mass sensitivity of a few pg/mm2. However, they
exhibit a rather high detection limit in terms of absolute mass,
typically in the 100 pg regime due to the relatively large sur-
face area used. In contrast, microscopic methods, such as
micro-cantilevers or the low-Q WGM sensor presented in this
article, have a lower mass sensitivity of some hundreds of
pg/mm2 due to higher fluctuations in microscopic systems,
but reach very low detection limits of a few femtograms.

This general trend might be broken by methods based
on surface plasmon resonance (SPR), which are known to
have a high mass sensitivity of 10 pg/mm2, and potentially
a lateral resolution limited only by the propagation length
of the surface plasmons, i.e. 2–10 µm for thin gold or sil-
ver metal films. However, restricted by the low signal-to-
noise ratio, state-of-the-art imaging SPR sensors reach a reso-
lution of about (25 µm)2, thereby limiting their potential for
miniaturization [25].

Localized SPR of single metal nanoparticles promises an
interesting alternative. Here, however, the amount of adsor-
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bate on a single metal cluster is very difficult to determine and
precise experimental values for mass sensitivity and detection
limits have not been given in the literature so far. Therefore,
only a theoretical limit based on a Mie simulation [26] is
given in Table 2. Composite systems, which combine local
and non-local SPR, seem to provide high mass sensitivity and
low detection limit simultaneously as demonstrated in a num-
ber of studies [27–29]. The best lateral resolution practically
reached in this case is (25 µm)2, and is therefore still signifi-
cantly lower than that of the 2 µm particles used in the present
study.

Altogether, we have shown that by means of WGM sens-
ing in the low-Q limit a performance can be reached that is
highly competitive with respect to other label-free methods
for optical (bio-)sensing. The demonstrated detection limit
of 3 fg and the overall size of 2 µm in diameter are cur-
rently unrivaled for label-free optical sensing, thus creating
demand for practical applications of this miniature sensor
in the future. Besides its sensitivity, one particular advan-
tage of low-Q sensing is the small number of remaining
WGM, which allows a dye-mediated excitation of the sen-
sor. Accordingly, all mechanical constraints known from high
Q-sensing are released and even remote sensing applications,
such as microscopic in-vitro biosensing, seem to be in close
reach.
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