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Protein detection by optical shift of a resonant microcavity
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We present an optical biosensor with unprecedented sensitivity for detection of unlabeled molecules.
Our device uses optical resonances in a dielectric microparticle~whispering gallery modes! as the
physical transducing mechanism. The resonances are excited by evanescent coupling to an eroded
optical fiber and detected as dips in the light intensity transmitted through the fiber at different
wavelengths. Binding of proteins on the microparticle surface is measured from a shift in resonance
wavelength. We demonstrate the sensitivity of our device by measuring adsorption of bovine serum
albumin and we show its use as a biosensor by detecting streptavidin binding to biotin. ©2002
American Institute of Physics.@DOI: 10.1063/1.1482797#
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During the last decade, optical biosensors capable of
tecting unlabeled macromolecules1–3 have become valuabl
tools in life sciences4–6 as well as drug discovery.7,8 Optimal
biosensor design for detection of label-free macromolecu
should be simple, sensitive, and particularly adept at ta
such as molecular recognition. High sensitivity is of critic
importance, since one must often detect only a few m
ecules.

We present an optical biosensor for detection of lab
free molecules with unprecedented sensitivity. Our biosen
derives its sensitivity from use of optical resonances in
transparent dielectric microparticle. The resonances are
erated when light, confined by total internal reflection~TIR!,
orbits near the particle surface and returns in phase after
revolution. The frequencies of these so-called whisper
gallery modes~WGMs!, characterized by the number o
wavelengthsL within an orbit, are extremely sensitive t
added dielectric material on the microparticles surface. I
estimated that an atomic thickness can lead to a detec
shift of a given resonance frequency.9

The sensitivity of our biosensor is measured using
sorption of bovine serum albumin~BSA! dissolved in phos-
phate buffered saline@~PBS! pH 7.4# on a silica glass micro-
particle bathed in PBS solution. Furthermore, we show
use of our device as a biosensor. We detect the bindin
streptavidin to surface immobilized biotinylated BSA.

The silica glass microparticle is of spheroidal sha
with a diameter of;300 mm in the plane of the light
orbit. It is fabricated by melting the tip of a strippe
single-mode fiber with a butane/nitrous oxide microflam
torch. The silica glass surface is chemically modified w
3-aminopropyltrimethoxysilane.10 Optical resonances of th
silica glass microparticle are stimulated by evanescent c
pling to an eroded optical fiber11 as shown in Fig. 1~a!. Light
orbiting in the silica glass microparticle due to TIR produc
an evanescent field just outside the glass surface. By o
lapping this field with the evanescent field of a fiber co
light from the optical fiber can be coupled into optical res
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nances of the microparticle. A stretch of approximately 1
of a single-mode optical fiber with a core diameter of 6.6mm
~FS-SC-6234, 3M! is stripped and then etched in hydroflu
ric acid to a final diameter of 4mm, thus removing all the
cladding and exposing the evanescent field. The micro
ticle is then positioned in contact with the etched part of
fiber. A sample cell is built around this fiber-sphere cont
using two glass slides separated at 4 mm by spacers c
posed of two pairs of silicone rubber pads. The buffer so
tion is retained in the 1 ml sample cell by surface tensi
and its temperature is measured by a thermocouple p
~5TC-GG-K-30-36, Omega!. The sample cell is imaged on
charge coupled device microscope/camera from above@Fig.
1~b!#.

A distributed feedback laser diode with a nominal wav
length of;1340 nm~ML776H11F, Mitsubishi! is used as a
tunable laser source. The laser current is scanned repea
between 10 and 38 mA through a saw-tooth shaped funct
The periodically scanned output wavelength has a cur

FIG. 1. ~a! Experimental setup. Optical resonances of a spheroidal g
microparticle are excited by coupling the spheroid evanescently to an er
single mode optical fiber.~b! Picture of the spheroid coupled to the erode
part of the optical fiber.~c! Resonance dips vs wavelength.
7 © 2002 American Institute of Physics
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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dependence of 0.009 nm/mA. The intensity of the light tra
mitted through the optical fiber is detected and amplifi
using an InGaAs photodiode~PDA400, Thorlabs!. The cur-
rent source is driven by aLABVIEW ~National Instruments!
program which also tracks a resonant dip in the intensity
the transmitted light by detecting its position with a parabo
minimum fit.

Optical resonances of the microparticle are detected
dips in the transmitted intensity as a function of laser wa
length @Fig. 1~c!#.12 The Quality factorQ of a given reso-
nance is;23106.

Since accretion of new material increases the effec
size of the silica glass microparticle, a resonance will shif
a longer wavelength to accommodate the larger circum
ence. This is shown in the adsorption of BSA molecul
Figure 2~a! shows the current and the corresponding wa
length shiftdl of one resonance before and after injection
BSA in the sample cell to a final concentration of 1.5mM.
Following sample injection, the wavelength shift is fir
negative due to thermal contraction of the glass spher
This effect reverses rapidly as the resonance wavelength
gins to increase and the shift saturates with time to an ove
level of dl'10.021 nm. The overall shift in wavelengt
between before and after BSA injection at room tempera
~;22.7 °C! is entirely due to BSA adsorption on the micr
particle.

The fractional shift at different BSA concentrations, d
fined as the ratio ofdl to its value at saturation measured

FIG. 2. ~a! Current and corresponding wavelength shift of a resonance
fore and after injection of BSA into the sample cell. The overall shift
entirely due to BSA adsorption. The inset shows the fractional shift
different BSA concentrations.~b! Biosensing: Detection of streptavidin
binding to previously surface immobilized BSA biotin.
Downloaded 30 May 2002 to 18.51.1.222. Redistribution subject to AIP
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1.5 mM BSA, is shown in the inset of Fig. 2~a!. This iso-
therm shows that the response saturates for concentratio
low as 20 nM. Consequently, we expect no more than
layer of BSA molecules is bound to the microparticle at sa
ration.

It is possible to derive an analytical theory for the pe
turbation caused by an individual BSA molecule, and cal
late the effect of statistically distributed molecules with
surface densityss . In the asymptotic limit forL@1, the
perturbation is caused by the energy needed to polariz
nanosized protein molecule.13 The molecule needs only b
characterized by its excess polarizabilityaex,14 and the re-
sulting shift is13

dl

l
'

aexss

e0~n1
22n2

2!R
, ~1!

wheree0 is the vacuum permittivity,R is the orbital radius,
andn1 andn2 are the refractive indices of the sphere and
buffer solution, respectively.

As a test of Eq.~1!, we have used this relationship t
estimate the surface density associated with the wavele
shift at saturation, which has been determined from sev
measurementsdl510.021 nm. With aex54pe033.85
310221 cm3 we findss51.731012 cm22, and therefore the
average surface area covered by one moleculess

2155.9
310213 cm2. We expect BSA to reduce its surface energy
binding with its largest planar projection. Crystallograph
data for human serum albumin,15 which has a molecular
weight almost identical to that of BSA~66 438 g/mol com-
pared to 66 432 g/mol for BSA!, reveals that this area i
about 3.7310213 cm2, which is '63% of ss

21, consistent
with no more than one layer of adsorbed BSA molecules

A surprising result is the low noise in the current sign
before the BSA was added, i.e., the low standard deviatio
20 mA ~corresponding to 0.1831023 nm!. For a glass mi-
croparticle of 30mm diameter, which can still host WGMs,
surface density of binding sites for a target analyte on
order of 231012 cm22, and with a dielectric constant simila
to that of BSA in Eq.~1!, we estimate the smallest detectab
molecular weight to be;50 Da ~Dalton, equals g/mol!,
smaller than the 180 Da detection limit of surface plasm
resonance biosensors.16

For detecting layers of molecules by rather unspec
adsorption and desorption on a silanated glass micropart
the sensitivity of our device is certainly limited by the max
mum achievable density of surface functionalities bindi
the adsorbate,ss5531014 cm22 for silane agents.17 Then,
we should be able to detect a layer of entities as small as
Da, comparable to a proton.

Our device can be used as a versatile biosensor if
microparticle surface is modified with a biological recogn
tion element, capable of specific binding to a target anal
We use biotinlylated BSA~BSA biotin, Sigma! as the recog-
nition element which we immobilize on the aminosilaniz
microparticle surface by adsorption as described before
nonmodified BSA. Figure 2~b! shows the initial shift of an
optical resonance wavelength after injection of BSA biotin
a final concentration of 0.01 mg/ml. Subsequent injection
streptavidin~recombinant fromE.Coli, Sigma! to a final con-
centration of 0.01 mg/ml leads to a further overall shift of t
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given optical resonance wavelength. This additional shif
due to binding of streptavidin to the surface immobiliz
biotin.

The ratio of the wavelength shift due to streptavid
binding compared to BSA biotin adsorption is 0.94. Taki
into account the molecular weight ratio of the two bindi
partners and assuming similar dielectric constants for b
proteins, we estimate a;1:1 stoichiometry for the binding
reaction.
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