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Shift of whispering-gallery modes in microspheres by
protein adsorption
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Biosensors based on the shift of whispering-gallery modes in microspheres accompanying protein adsorption
are described by use of a perturbation theory. For random spatial adsorption, theory predicts that the shift
should be inversely proportional to micorsphere radius R and proportional to protein surface density and
excess polarizability. Measurements are found to be consistent with the theory, and the correspondence
enables the average surface area occupied by a single protein to be estimated. These results are consistent
with crystallographic data for bovine serum albumin. The theoretical shift for adsorption of a single protein
is found to be extremely sensitive to the target region, with adsorption in the most sensitive region varying
as 1/R%?. Specific parameters for single protein or virus particle detection are predicted. © 2003 Optical
Society of America
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In the recent past, the need for miniature biosensors for
the detection of infectious agents, toxins, protein, and
DNA has taken on added urgency as the world antici-
pates further bioterrorism. Recently Vollmer et al.*
reported specific detection of unlabeled biomolecules
on a spherical surface (radius R =0.15 mm) from the
frequency shift of whispering-gallery modes (WGMs).
The modes were stimulated in a dielectric sphere
immersed in an aqueous environment by means of cou-
pling light evanescently from an optical fiber.2 The
authors claimed unprecendented sensitivity for the
adsorption of protein molecules with spatial unifor-
mity. In what follows, we (1) introduce an optical
theory that describes this effect in an asymptotic
limit (27R/A >>1), (2) compare the predicted size
dependence with that from new experiments, and
(3) calculate the effect of reducing the size while
placing protein molecules at specific locations on
the sphere surface. We show that, for particular
locations, the sensitivity to single-protein adsorption
can be enhanced by orders of magnitude.

Figure 1 illustrates the basic configuration of inter-
est. Light from a tunable distributed feedback laser
is coupled into a WGM of the sphere from an eroded
optical fiber® and circulates about the equator. Reso-
nant modes are detected from dips in the transmis-
sion through the fiber. A protein molecule diffuses
to the sphere’s surface from the surrounding aqueous
medium and is adsorbed at position r;, where it in-
teracts with the evanescent field of the WGM. The
index i distinguishes each adsorbed protein molecule.
This interaction polarizes the molecule, shifting the
frequency of the mode.

To evaluate the shift 6w in angular frequency w of
a single protein molecule, it is useful to consider the
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energy of interaction as a first-order perturbation to
a single-photon resonant state, with semiclassical field
Eo(r)ei“’. The evanescent tail of the field induces a
dipole moment in the protein in excess of the displaced
water, dpei®!, causing a shift in the photon energy
of the resonant state, idw = —8p - Eo*(r;)/2. The
excess dipole moment can be represented in terms of
the real part of an excess polarizability aey, i.e., 6p =
aexEo(r;). The fractional frequency shift for a protein
positioned at r; is given by the result of dividing the
perturbation by the energy of the mode (i.e., fiw), as
represented by integrating over the energy density in
the interior:

Fig. 1. Nanoscopic protein molecule at position r; on the
surface of a sphere near an eroded optical fiber core. The
sphere and fiber are surrounded by an aqueous solution.
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The integral in the denominator is taken over the
interior of the sphere, which contains the overwhelm-
ing majority of the mode energy (>94%).* This
approximation simplifies the analysis by allowing
the homogeneous permittivity, e, of the sphere to be
pulled through the integral. The factor of 2 preceding
this integral results from adding equal electric and
magnetic contributions.

It should be noted that for protein molecules, which
are composed of a variety of amino acids, a.y is roughly
proportional to the mass of the molecule,® and the shift
in frequency in accordance with relation (1) should be-
have in the same way.

Relation (1) represents the shift that is due to an
individual molecule at an arbitrary position on the
sphere, a point we will return to in calculating the op-
timal effect. However, in Ref. 1 it was reported that a
large number of protein molecules are distributed over
random locations on the sphere’s surface. To account
for all these molecules we sum the singular contribu-
tion in relation (1) over N randomly located molecules
and then turn this discrete sum into an integral over
surface differentials, Y7 [Eo(r;)|2 =0, [|Eo(r)|?dA,
where o, the protein surface density, is N/(47R?).
With this transformation from a discrete to continuous
sum, relation (1) becomes

dw ~ QexTp flEo(I')|2dA
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where €, is written in terms of a relative permittivity,

€5 = €)€rg.

We now evaluate relation (2) for a general TE mode
for which the interior field at distance r from the
sphere center is given as E, = Amjl(kor\/e_,s)LYlm,6
where Ay, is the amplitude, j;(z) is a spherical Bessel
function, L is a dimensionless angular momentum
operator (L = —ir X V), by = w/c with ¢ being the
speed of light in vacuum, and Yy, is a spherical
harmonic function. Fortunately both the surface and
volume integrals in relation (2) contain precisely the
same angular integrands. Consequently,

6_a): _ @exOs [Ji(koR /€rs )PR? 3)
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where R is the radius of the sphere. On reso-

nance, the volume integral in the denominator of
relation (3) may be asymptotically (27R/\A >>1)
related to the surface value of j2 through
8L jikor & ) Pr2dr = Bl ji(koRers )T [(ers — €m)/
€], where €., is the relative permittivity of the
surrounding medium.” Inserting this expression into
relation (3), we find that the fractional frequency shift
is given by a surprisingly simple formula:
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where ng and n,, are the refractive indices of the sphere
and the aqueous medium, respectively. The analysis
of w/w for TM modes involves changing the field in
relation (2). The result produced by a similar analysis
has the same a.xo,/R dependence with numerically
calculated shifts that only differ from the TE shifts by
a few percent for our silica—water interface.

The 1/R size dependence in relation (4) is expected
for a homogeneous sphere. If such a sphere accretes
a layer that is 6R thick, it must preserve the prod-
uct kyR for a given resonance, and consequently
Sko/ky = Sw/w = —SR/R. However, the formula
becomes more complicated when the sphere is optically
heterogeneous, as revealed in relation (4). Nonethe-
less, when the surface is saturated with protein,
as revealed by no additional shift regardless of the
external concentration, a plot of —Sw/w versus 1/R
will have slope §R., the effective thickness of the
layer. It should be noted that 6 R.¢r as defined can be
negative, if the absorbed material has a polarizability
less than that of an equal volume of water. This odd
circumstance is not the case for protein adsorption,
since the optical permittivity of proteins is higher than
that of water. In fact, proteins have permittivities
close to that of quartz.

We have performed experiments on the adsorption
of bovine serum albumin (BSA) protein on quartz
microspheres. The silica glass surface is sensitized
for protein adsorption by chemical modification with
vapor-phase 3-aminopropyltriethoxysilane following
oxygen plasma cleaning.® The resonance shifts
—dw/w measured for complete saturation by use of
a current-tuned distributed feedback laser® operating
at a nominal wavelength of 1.34 um, are shown as
a function of 1/R in Fig. 2. Protein injection was
implemented only after equilibrium was reached at
23°C. The system was verified to have returned to
this temperature when wavelength-shift measure-
ment was taken. The spheres ranged in radius from
88 to 232 um (412 < 27 R/A < 1087). Within the
scatter in the data over this size range, a 1/R size
dependence appears reasonable. The slope of the fit
iS SRer = 3.6 Nm.

An effective thickness of 3.6 nm is very close to the
smallest dimension of BSA as revealed through x-ray
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Fig. 2. Saturation shifts of WGM resonances measured for
BSA protein adsorption versus 1/R. The solid line is a fit
based on relation (4), which gives a surface density o, =
2.9 X 102 cm~2,
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crystallography.’® BSA resembles a thick pancake
with a heart-shaped profile. The smallest dimen-
sion is the height of the pancake. Furthermore,
from the effective thickness and relation (4), it is
possible to estimate the molecular surface density,
op = SRereo(ns? — np?)/aex. We calculate this sur-
face density by use of the excess polarizability arrived
at from differential refractive-index measurements®
[ex = 47€p(3.85 X 10721 cm?)], and the usual re-
fractive indices for quartz and water, with the result
o, = 2.9 X 102cm™2. So a BSA molecule occupies
an area o, ! = 3.4 X 107¥cm?. This agrees well
again with crystallographic data, for which the area
of the heart-shaped projection is 3.7 X 10713 cm?. It
appears that BSA forms an extremely compact layer
on the microsphere surface.

Finally, we are interested in the possibility for
single-protein  detection. Single-protein  detection
would be possible by looking at steps in the change
of Sw/w with time, and this in turn provides a
possible means for separately measuring a.x. Since
the light within a WGM circumnavigates the equator
(6 = 7/2) in an orbit that is confined to a thin ring,
molecules at polar angles outside the ring cannot
influence the mode frequency. The greatest signal
comes from molecules that stick at 6§ = #/2. For a
TE mode that circulates at the equator [ = m, and
the angular intensity is proportional to |LY|2, which
for large [ is proportional to |Y;|2.* So the ratio of
the frequency shift for a protein at the equator to
that averaged over random positions on the surface
is enhanced by a factor EF = 47 |Yy;(7w/2, ¢)|2. This
spatial enhancement EF can be significant. For
the average size particle used in Fig. 2, [ ~ 1000
and EF =36. To obtain the average shift for an
individual protein at a random position, we set the
surface density in relation (4) to o = 1/(47R?) with
the result (6w /w), = —aex/[4mer(ns® — np?2)R3]. The
shift that is due to a single protein at the equator is
(bw/w)e =EF X (w/w),, or

_ aexlyll(ﬂ/z’ ¢)|2 .
(5&)/(0)3 - 60(”32 . an)R3 (5)

This single-protein shift has a large size dependence.
Since |Yy; (7 /2, ¢)|? increases roughly in proportion to
1/2 or RY/2, the single-protein shift should go as R ~%/2.
Currently, we can detect a fractional frequency change
as small as 1078. Since we can see a shift of one
fiftieth of a linewidth, this requires that @ be 2 x 108,
This value of @ is controlled by overtone vibrational
absorption of water at 1.34 um and the size of the
microsphere. Leakage at the quartz—water interface
limits the smallest radius for which this sensitiv-
ity is reasonable to approximately 50 um. For a
first-order TE mode within such a particle, and for

a wavelength of 1.34 um, 47|Yy(7/2, ¢)|> = 20.8.
Under these conditions, the smallest detectable single-
protein polarizability is agq = 47€y(2.4 X 10717 cm3),
or 6230 times the polarizability of BSA. Protein
masses seldom exceed 108 Da, which is only 15 times
the mass of BSA. Thus single-protein measurements
are unrealistic from the resonance shift at 1.34 um.
We may overcome the problem by working in the
blue, where water absorption is reduce by more than
a factor of 100, and by choosing a material for the
microsphere with a larger refractive index.

As an example, a microsphere of amorphous sap-
phire has a refractive index of 1.7 at a wavelength of
400 nm (blue diode laser with external cavity), which
enables the radius to be reduced to approximately
3.6 um for @ of 2 x 107 in water. Assuming that
we are able to see a shift of a fiftieth of a linewidth
as before, the least measurable fractional shift would
be 107°. The minimum detectable polarizability pro-
jected from Eq. (5) is now approximately three times
the polarizability of BSA, a number that is consistent
with large protein molecules such as thyroglobulin,
ferritin, and virus particles (e.g., lambda phage).
Adsorption onto the equator may be promoted by
selective silanization of the equator.

Research at the Polytechnic was supported by a
National Science Foundation grant (BES-0119273).
F. Vollmer was supported by a fellowship of the
Boehringer Ingelheim Fonds. S. Arnold’s e-mail
address is arnold@photon.poly.edu.

*Present address, Sandia National Laboratories, Al-
buquerque, New Mexico 87185.

References

1. F. Vollmer, D. Braun, A. Libchaber, M. Khoshsima, 1.
Teraoka, and S. Arnold, Appl. Phys. Lett. 80, 1 (2002).

2. A. Serpenguzel, S. Arnold, and G. Griffel, Opt. Lett.
20, 654 (1995).

3. J. P. Laine, B. E. Little, and H. A. Haus, IEEE Photon.
Technol. Lett. 11, 1429 (1999).

4. D. Q. Chowdhury, S. C. Hill, and M. M. Mazumder,
IEEE J. Quantum Electron. 29, 2553 (1993).

5. J. Wen, T. Arakawa, and J. S. Philo, Anal. Biochem.
240, 155 (1996).

6. J. D. Jackson, Classical Electrodynamics, 2nd ed. (Wi-
ley, New York, 1975), p. 745.

7. C.C. Lam, P. T. Leung, and K. Young, J. Opt. Soc. Am.
B 9, 1585 (1992).

8. K. H. Choi, J. P. Bourgoin, S. Auvay, D. Esteve, G. S.
Duesberg, S. Roth, and M. Burghard, Surf. Sci. 462,
195 (2000).

9. G. Griffel, S. Arnold, D. Taskent, A. Serpenguezel,
J. Connolly, and D. G. Morris, Opt. Lett. 21, 695 (1996).

10. D. C. Carter, X. M. He, S. H. Munson, P. D. Twigg,
K. M. Gernert, M. B. Broom, and T. Y. Miller, Science
244, 1195 (1989).

11. J. D. Jackson, Classical Electrodynamics (Wiley,
New York, 1962), p. 753.

(ms #16351a(tmp))

274



