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Microfluidic capillary-type sensors could potentially find applications in a range of medical and environmental
diagnostic technologies. Refractive-index sensors-as well as biosensors-based on the whispering gallery mode
resonances of a thin-walled capillary offer several modes of operation and the capacity to detect a wide range
of analytes through standard silica surface functionalization methods. This article reviews the basic optical
physics associated with the resonances and how they respond to changes in the local refractive index. The
sensitivity and detection limits of these devices are explored, and at least one old assumption concerning the
inverse relationship between the quality factor of the resonance and the detection limit is shown to be valid
only under a restricted set of circumstances. Problems and pitfalls associated with whispering-gallery-mode
capillary sensors are examined, as well as the experimental methods needed for analysis. Finally, relevant
capillary sensor examples from the literature are summarized.
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1. INTRODUCTION
Capillaries have been widely investigated for their many
chemical and biochemical sensor-related applications.1–3
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A variety of sensing transduction techniques can be
employed and have been reviewed,4,5 including capillary
electrophoresis,6–10 fiber-optic methods that couple light
into and out of a capillary11 (e.g., Bragg gratings), and
simple optical refractive index sensors.12,13 Microfluidic
operation can be especially interesting for the development
of small, parallelized devices or for situations in which the
sample volume is small.14–16

Thin-walled glass capillaries represent one promising
avenue toward the development of microfluidic optical sen-
sors. The outer wall traps light by total internal reflection
as it circulates around the capillary circumference, while
fluids can be pumped into the channel region. The cylindri-
cal electromagnetic resonances that form the basis of the
transduction mechanism are called the whispering gallery
modes (WGMs).
WGMs have been the subject of several recent reviews

that have focused mainly on the properties of opti-
cal microspheres.17–19 Optical resonances in microdisks20

and pillars21 have also been widely investigated and
reviewed, partly due to the ability to control the spon-
taneous emission rate for atoms or quantum dots placed
in the cavity.22–26 The cylindrical WGMs have also been
reviewed,27,28 although mostly without a sensor29 focus.
The intent of this work is to overview the work so far
on capillary WGM-type sensor structures, and to outline
the basic physics and experimental issues that would be
helpful for researchers wishing to enter the field.
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2. HISTORICAL BACKGROUND
The term “whispering gallery” seems to have originated to
describe the peculiar acoustic effects that were reported in
domed buildings such as St. Paul’s cathedral in London30

and the Gol Gumbaz Mausoleum in northern India.31

In these circular domed structures, a whisper at one side
is clearly audible at the other side of the dome, but it
cannot be heard near the center. Lord Rayleigh’s 1910
paper titled “The problem of the whispering gallery”30

specifically focused on what he called an acoustic “cling-
ing effect.” Essentially, the “sonorous vibrations” produced
near one wall of the cathedral appeared spatially limited
to a tiny fraction of the radius very near the cathedral
wall at the other side (as measured by the flicker of a
candle flame!). Lord Rayleigh’s paper reported that the
Bessel function Jl�z�, which was the known solution for
a circular resonance with fixed boundaries, has interesting
properties if l is large. In such cases, he showed that the
resonant vibrations must indeed “cling” very near to the
outer radius of the resonator and are nearly zero inside,
exactly as observed.
Gustav Mie had, just a few years earlier, developed

the theory for the scattering of light by small aerosol
droplets.32 These structures were known to have electro-
magnetic resonances that were similar in many respects to
Lord Rayleigh’s whispering gallery modes, and the name
eventually referred to both the acoustic and optical reso-
nances. Part of Mie’s work was based on earlier light scat-
tering studies by Thomson,33 Alfred Clebsch,34 Ludwig
Lorenz,35,36 and Peter Debye.37 A complete history of
Mie’s electromagnetic scattering theory was assembled by
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Horvath38 and by Wriedt,39 and these are excellent sources
for a more complete history of the WGMs. Essentially,
while the basic properties of optical WGMs were under-
stood in the early part of the 20th century, the mathematics
describing the Bessel functions needed in the Mie the-
ory were for the most part too complicated to be fully
treated until the advent of computers. Much more recent
efforts gave complete, modern descriptions of the spherical
WGMs.40,41

Cylindrical structures have a set of resonances that are
similar to the spherical ones, the main difference being
that there is no polar component to the field, which can be
assumed to propagate in a 2-dimensional cylindrical cross
section similar to Rayleigh’s acoustic modes (the effect of
waves with some component of their wavevector along the
capillary axis will also be discussed, however). The equa-
tions used to model the resonances are mainly the same as
for the spherical case, with the main differences being the
use of cylindrical rather than spherical Bessel functions
and the lack of a “polar” direction (i.e., one need not con-
sider the Legendre harmonics) in the field solutions.
Thus, only a few parameters are needed to completely

describe the capillary resonances: the number of inten-
sity maxima in the radial direction (n), the number of
wavelengths that “fit” around the cylinder for a given res-
onance (l), and the quality (Q) factor that describes how
well the mode is able to trap radiation. Three such reso-
nances are illustrated in Figure 1, showing different val-
ues of n. The polarization can be either transverse electric
(TE) or transverse magnetic (TM). Unfortunately, there
is no consensus as to the definition of the polarization
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Fig. 1. Electric field amplitude for the first three transverse electric
radial mode orders n = 1�2�3 of a disk. All three resonances have the
same angular mode order l= 20 and are TE polarized. The disk boundary
is denoted by the thin green line.

Fig. 2. Sketch of the LCORR (left) and FCM (right) structures. In both
devices, m1 is the analyte refractive index and m3 is the outside index (air
in the LCORR case, the glass capillary wall in the FCM). The confining
layer has index m2; it is comprised of the thinned capillary wall (in the
LCORR) or a thin fluorescent layer (for the FCM), which can typically be
made of quantum dots (the dotted layer in the right-hand diagram). The
electric field profile of a resonance is sketched superimposed onto the
diagram (the black “wave”). In the case of the FCM, the outer capillary
boundary is mostly irrelevant, since it is typically located very far from
the fluorescent film and channel regions.

directions for capillaries. We prefer to define the polariza-
tion with respect to the WGM propagation plane; thus TE
resonances have the electric field parallel to the capillary
axis, whereas TM modes have the magnetic field parallel
to the axis.

The two main types of device structures are the liquid–
core optical ring resonator (LCORR) and the fluorescent
core microcapillary (FCM). Both are three-layer cylindri-
cal cavity structures (Fig. 2). In the case of the liquid–
core optical ring resonator, the light-confining region
(index m2) is the thinned wall of a glass capillary and the
outer region (m3) is air. In the case of the FCM, the con-
fining region is a high-index fluorescent film and the outer
region is the thick wall of the capillary. In order to confine
radiation into the cylindrical resonances of either structure,
m2 must be larger than m3 (unless layer 2 is very thin,
in which case m1 should also be greater than m3). The
analyte (m1) is in the channel region for both structures.
As illustrated in Figure 2, the FCM is a larger and more
physically robust device.

3. CYLINDRICAL WGMs: BASIC CONCEPTS
Here we are interested in solving the electric field dis-
tribution for the WGM resonances of a layered cylinder.

The purpose of this section is not a rigorous re-derivation
of the cylindrical resonances, which can be found in differ-
ent formats from several sources (e.g., Refs. [42–44]), but
is instead aimed toward a practical and more easily under-
standable method to solve the electric field resonances,
which that can be readily implemented. The solutions per-
mit a straightforward calculation of the mode wavelength,
Q factor, and the refractometric and thermal sensitivity for
LCORRs (which are synonymous with opto-fluidic ring
resonators, or “OFRRs”), fluorescent core microcapillar-
ies (FCMs), or other layered cylindrical structures such as
coated optical fibers45 or microdisks. We will examine a
3-layer system since the two main types of experimental
realization are effectively comprised of only three layers:
a channel analyte, a confining region responsible for the
development of the WGMs, and an outside region. How-
ever, the theory can be extended to four or more layers
relatively easily.
We review the TE polarization first, since it is sim-

pler. The E-field is by definition parallel to the capillary
axis. The radial and azimuthal components of the field are
zero, and the axial part is usually solved by separation of
variables:

Ez�r���= Ez�r� exp�±il�� (1)

Here, r and � are the cylinder’s radial direction and
azimuthal angle, respectively, and the axial direction will
be z. The electric field has been separated into a radial
part Ez�r� and an azimuthal part, eil�; the latter implies
that the field will return to the starting point in phase after
making l oscillations (note that use of integerm rather than
l would be more consistent with respect to a derivation
of the spherical resonances, but here m is reserved for
the refractive index and n for the radial mode number).
Other periodic functions could be used in Eq. (1), but eil�

represents a simple solution for an azimuthally uniform
cylindrical structure. The time dependence of the field will
be described later.
According to Maxwell’s equations the TE resonances of

a dielectric cylinder must satisfy:

� 2Ez�r���+
�

�z

(
Ez�r���

1
�

���r�

�z

)
+k20m

2Ez�r���= 0

(2)
where � is the electric permittivity of the material in which
the field is propagating, k0 is the vacuum wavevector and
m is the refractive index, and Ez is the electric field polar-
ized along the capillary axis. The second term is zero
because the index of refraction is taken to be constant in
the z-direction. The Laplacian operator in cylindrical coor-
dinates is

� 2Ez�r��� =
�2Ez�r���

�z2
+ 1

r2
�2Ez�r���

��2
+ 1

r

�

�r

×
(
r
�Ez�r���

�r

)
(3)
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The first term on the right-hand side is also zero since
we assume no axial (z) variation of the electric field in the
cylinder, which simplifies the analysis. The second term is

1
r2

�2Ez�r���

��2
= 1

r2
�2�Ez�r���e

il��

��2
=− l2

r2
Ez�r� (4)

and the third term can be written

1
r

�

�r

r · �Ez�r���

�r
= �2Ez�r���

�r2
+ 1

r

�Ez�r���

�r
(5)

Combining Eqs. (2)–(5), multiplying both sides by r2,
and separating variables according to Eq. (1) gives:

e±il�

[
r2
d2Ez�r�

dr2
+ r

dEz�r�

dr
+ �k2r2m2− l2�Ez�r�

]
= 0

(6)
The radial part of Eq. (6) can be rewritten in the stan-

dard form using R=mkr and dR=mk ·dr :

R2 d
2Ez�R�

dR2
+R

dEz�R�

dR
+ �R2− l2�Ez�R�= 0 (7)

This is the Bessel differential equation with solutions
for Ez�R� given by linear combinations of Jl�R� and
Yl�R�; i.e., cylindrical Bessel functions of the first and
second kind, of order l. The cylindrical Hankel functions
H

�1�
l �R�= Jl�R�+ iYl�R� and H

�2�
l �R�= Jl�R�− iYl�R� are

also solutions of Eq. (7) and will be important for the
radiating fields, as described further below.
For the electric field resonance in a layered cylinder we

need to solve Eq. (7) when there are piecewise disconti-
nuities in the refractive index such that:

m�r�=

⎧⎪⎪⎨
⎪⎪⎩

m1� r ≤ b

m2� b < r ≤ a

m3� r > a

⎫⎪⎪⎬
⎪⎪⎭

(8)

Here, a is the radius of the outer boundary of the layered
cylinder, and b= a− t is the radius of the inner one, where
t is the confining layer thickness. For an FCM, t will rep-
resent the thickness of the fluorescent layer, and for an
LCORR it is the thickness of the capillary wall.
The solution for Ez�R� in each of the three regions

depends on the boundary conditions. For the inner layer
(layer 1), the requirement is that the field not be infinite at
the origin so the Bessel function of the first kind is the only
solution; that is, Ez�R� = AlJl�R�. In the outermost layer,
the waves should be traveling outwards. For large argu-
ment mkr , an asymptotic expansion of the Hankel function
yields

H
�1�
l �mkr� =

√
2

�mkr
ei�mkr−l�/2−�/4� (9)

which represents an “outgoing” wave in the time-
dependent wave equation. This implies that the field in

the outermost layer is described by Ez�R� =DlH
�1�
l �R� =

Dl	Jl�R�+ iYl�R�
, where Dl is another constant.
In the middle layer (layer 2), we have both incoming

and outgoing waves. The incoming waves are described by
H

�2�
l �R�= Jl�R�− iYl�R�, which leads to the same expan-

sion as shown in Eq. (9), except with the opposite sign
in the exponential term. Thus, the field within layer 2 can
be described as Ez�R�= BlH

�2�
l �R�+ClH

�1�
l �R�, where Bl

and Cl are also proportionality constants. The constants
Al�Bl�Cl� and Dl must be set to enforce continuity of the
field across the various boundaries, given by:

S�R�=

⎧⎪⎪⎨
⎪⎪⎩

AlJl�m1k0r�� r ≤ b

BlH
�2�
l �m2k0r�+H

�1�
l �m2k0r�� b < r ≤ a

DlH
�1�
l �m3k0r�� r > a

⎫⎪⎪⎬
⎪⎪⎭
(10)

where we have set Cl = 1, and recall that R=mkr . A plot
of S�R� is the same as a radial amplitude plot of Ez�R�.
Thus, for the TE polarization we have the following solu-
tions for a dielectric cylinder:

Er�R� = 0

E��R� = 0 (11)

Ez�R� = S�R�

We next write some fairly simple equations for the
fields, which are given by the electromagnetic boundary
conditions at each dielectric interface. These conditions
state that the Ez, Hr , and H� fields (for the TE polariza-
tion) must be continuous. Since the electric field Ez�r� has
to be continuous across the boundaries, we obtain

boundary 1 � AlJl�m1k0b�

=BlH
�2�
l �m2k0b�+H

�1�
l �m2k0b� (12a)

boundary 2 � BlH
�2�
l �m2k0a�+H

�1�
l �m2k0a�

=DlH
�1�
l �m3k0a� (12b)

By analogy to a waveguide, Maxwell’s equations require
that �Ez/�r − �Er/�z = i�H�. Since dEr/dz= 0 and the
magnetic fields must be continuous on each side of the
interface, the derivative dEz/dr must also be continuous
across the interfaces. Thus:

boundary 1 �

�m1�AlJl
′�m1k0b�= �m2�	BlH

�2�
l

′�m2k0b�

+H
�1�
l

′�m2k0b�
 (13a)

boundary 2 � �m2�	BlH
�2�
l

′�m2k0a�+H
�1�
l

′�m2k0a�


= �m3�DlH
�1�
l

′�m3k0a� (13b)
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where the prime indicates the derivative of the Bessel func-
tion with respect to its argument. This notation is fre-
quently used but can be confusing, so, for clarity we can
write it explicitly:

J ′
l �nkx�=

d�Jl�mkx���x→a�b

mk ·dx (14)

Dividing Eqs. 13(b) by 12(b) gives

m3H
�1�
l

′�m3k0a�

m2H
�1�
l �m3k0a�

= BlH
�2�
l

′�m2k0a�+H
�1�
l

′�m2k0a�

BlH
�2�
l �m2k0a�+H

�1�
l �m2k0a�

(15)

where Bl can be obtained by dividing Eqs. 13(a) by 12(a):

Bl=
m2Jl�m1k0b�H

�1�
l

′�m2k0b�−m1Jl
′�m1k0b�H

�1�
l �m2k0b�

−m2Jl�m1k0b�H
�2�
l

′�m2k0b�+m1Jl
′�m1k0b�H

�2�
l �m2k0b�

(16)
These equations are equivalent to stating that a mod-

ified log-derivative function u�r� = �1/k0���dEz/dr�/Ez�
holds continuous across any dielectric boundary, for the
TE polarization.46

We need to find complex values for k0 that are solu-
tions of Eq. (15). There are, in fact, an infinite number
of possible solutions corresponding to all the possible
radial mode orders. Only the lowest-order modes (e.g., n=
1–3) will typically be important since the higher orders
are lossy and will not appear in the WGM spectra. This
requires Eqs. (15) and (16) to be entered into a math
package with a complex numerical root solver, such as
Mathematica’s “FindRoot” function. One fixes the desired
angular number l and the various capillary parameters,
and enters a reasonably good guess for k0 (e.g., k0 =
l/�meffa�� where meff is an estimate of the effective refrac-
tive index for the mode. The root solver then completes the
work.

Once the complex root k0 has been found, the field (or
its radial function) must be plotted in order to find which
radial mode order the solution represents. In order to find
the electric field profile, one must plot Eq. (10) using
the value found for k0 and the various cylinder parame-
ters (radius a, film thickness t, and the refractive indices).
The values of Al, Bl, and Dl must at this point be set to
ensure that the field is continuous across the boundaries.
The constant Bl can be obtained from Eq. (16), once k0
has been determined numerically, and then Al and Dl are
simply:

Al =
BlH

�2�
l �m2k0b�+H

�1�
l �m2k0b�

Jl�m1k0b�
(17a)

Dl =
BlH

�2�
l �m2k0a�+H

�1�
l �m2k0a�

H
�1�
l �m3k0a�

(17b)

The field and the various coefficients will contain both
real and imaginary parts. The way to deal with this for
calculating the volume-integrated energy densities (which

must be real) will be discussed later. The relative magni-
tude of the field is given by the absolute value:

�Ez� =
√
�ReEz�

2+ �ImEz�
2 (18)

and the intensity Iz is proportional to �Ez�2.
The radial functions for several different TE modes are

shown for an LCORR and an FCM structure in Figure 3,
from the solutions of Eq. (15). We can see some simi-
larities and differences between the two structures. In the
LCORR, the outer index is air; whereas in the FCM the
glass capillary itself is the outermost material (the effects
of the relatively remote outer wall seem to be measurable
but are fairly minor).47 Thus, in an LCORR the mode field
is better confined toward the inner region of the struc-
ture, which is an advantage for sensing applications. In the
FCM, the smaller index contrast between the fluorescent
film and the capillary wall effectively “forces” the field
further away from the channel.
For the TM polarization, we have the H-field along the

cylinder axis, and the radial and azimuthal components
of the magnetic field are zero. The Helmholtz equation
is slightly different for this case. Assuming that � has no
azimuthal dependence:

� 2Hz�r���−
1
�

��

�r

�Hz�r���

�r
+k20m

2Hz�r���= 0 (19)

The second term simplifies to −�2/m� · ��m/�r� ·
��Hz/�r�, which can be set to zero since we further
assume no radial dependence of m1, m2, or m3 within each
of the layers. The result is therefore again a set of Bessel
functions, this time specifically for Hz, and one can write

Fig. 3. First order (left) and second order (right) electric field profiles
S�R� for an FCM (top) and an LCORR (bottom). All modes have a
resonance wavelength close to 800 nm. The LCORR outer radius was
50 m and the wall was 2 m thick. For the FCM, the inner radius was
50 m and the fluorescent film was 0.7 m thick, with a refractive index
of 1.67. These values are close to typical experimental values for both
structures. The dashed grey lines define the boundaries of the high-index
layer.
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a piecewise solution identical to Eq. (10) but with different
coefficients:

T �R� =

⎧⎪⎪⎨
⎪⎪⎩

alJl�m1k0r�� r ≤ b

blH
�2�
l �m2k0r�+H

�1�
l �m2k0r�� b < r ≤ a

dlH
�1�
l �m3k0r�� r > a

⎫⎪⎪⎬
⎪⎪⎭
(20)

T �R� is equivalent to the profile of Hz�R�. There can be
both radial and azimuthal parts of the electric field, which
can be written in vector form:48

−→
E = 	Er�R�r̂ +E��R��̂
e

il� (21)

where, analogous to Eq. (11), we have

Er�R�=− 1
k0m

2

l

r
T �mk0r�

E��R�=− i

k0m
2

d�T �mk0r��

dr
(22)

Ez�R� = 0

In practice, we will only care about the first part of
Eq. (22), since Er will be what we measure experimentally
as the TM-polarized E-field.
The boundary requirements in this case are that Hz and

E� must be continuous. According to Maxwell’s equa-
tions for the tangential field we have �Hz/�r − �Hr/�z =
i�m2E�. Similar to the previous case, �Hr/�z = 0, but
since E� is continuous the derivative of the magnetic field
dHz/dr must change by a factor of m2 on crossing a
boundary. At the dielectric interfaces, we therefore have:

boundary 1 �

�1/m1�alJ
′
l �m1k0b�= �1/m2�	blH

�2�
l

′�m2k0b�

+H
�1�
l

′�m2k0b�
 (23a)

boundary 2 � �1/m2�	blH
�2�
l

′�m2k0a�+H
�1�
l

′�m2k0a�


= �1/m3�dlH
�1�
l

′�m3k0a� (23b)

Thus, we find another modified log-derivative func-
tion that must be continuous, given by v�r� =
�1/�k0m

2�����Hz/�r�/Hz�.
By setting the fields and the derivatives (divided by m2)

continuous across the interfaces we obtain:

m2H
�1�
l

′�m3k0a�

m3H
�1�
l �m3k0a�

= blH
�2�
l

′�m2k0a�+H
�1�
l

′�m2k0a�

blH
�2�
l �m2k0a�+H

�1�
l �m2k0a�

(24)

and

bl=
m1Jl�m1k0b�H

�1�
l

′�m2k0b�−m2Jl
′�m1k0b�H

�1�
l �m2k0b�

−m1Jl�m1k0b�H
�2�
l

′�m2k0b�+m2Jl
′�m1k0b�H

�2�
l �m2k0b�

(25)
Equations (24) and (25) are solved in the same way as

(15) and (16).

Equation (20) is often called the transverse magnetic
“radial function” T �r�, which describes the magnetic
field Hz. For the TM situation, one will usually be mea-
suring only Er ; that is, the electric field pointing along
the radial direction. The continuity of the electric displace-
ment, �Er , implies that there will be a jump or discon-
tinuity in the electric field across each boundary for this
polarization,49 as can be seen in Eq. (22). Thus, once the
coefficients in Eq. (20) have been determined, the electric
field profile Er�r� has to be adjusted by the ratio of the
dielectric constant for each layer, as illustrated in Figure 4
for 	Er�r�


2.
In order to visualize the WGM field around the capil-

lary’s cross section, we need to consider the azimuthal part
of Eq. (1), given by by e±il�. Multiplication of the radial
function by e±il� gives a rotating wave pattern for regions
where r < ∼l/k, in the region dominated by Jl�m1kb�.
However, as can be seen in Eq. (9), the Hankel functions
have an eikr dependence which becomes obvious at large r .
This results in radial dependence of the phase, which, com-
bined with the azimuthal one, forms a spiral pattern in the
regions where r > ∼l/k, within which the Hankel func-
tions dominate the radiation pattern (Fig. 5). The sense of
the spiral (clockwise or counterclockwise) depends on the
sign of e±il�.
Finally, the time dependence of the field is included by

replacing e±il� with ei�±l�−ckt�. In this way, “movies” of
the WGM field can be produced. Since the Hankel func-
tion has the asymptotic form ei�mkr+l�−l�/2−�/4−ckt� (e.g.,
for counterclockwise rotation), we can see from Eq. (9)
that increasing t must be balanced by increasing r (for
constant l�) in order to obtain a wavefront of constant
phase. The wave spirals outward in time, with the real
and imaginary parts phase shifted by �/2. These radiating
waves are the solutions for LCORRs, which are pumped

Fig. 4. The TM-polarized electric field intensity [Er�r�]
2, for a disk

with a= 3 m, b= 2�7 m, and refractive indices m1 = 1�33, m2 = 1�45,
and m3 = 1�00, with l = 35 and �0 = 660�179 nm. There are disconti-
nuities in the relative intensity across the boundaries. The inset shows
the radial function [T �r�]2 at the outer boundary (Eq. (20)), showing the
continuity of the function and the change in the slope at the glass-air
boundary.
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Fig. 5. Plot of the field amplitude for a counterclockwise-propagating
first-order WGM in a layered disk with m1 = 1�45, m2 = 1�67, and m3 =
1�33, TE polarization. The spiral structure in the outer region is a result
of the Hankel function. The non-rotating fields shown in Figure 1 are the
superposition of clockwise and counterclockwise modes.

evanescently via a tapered fiber. For FCMs, the interfer-
ence of the clockwise and counterclockwise-propagating
waves yields stationary standing wave patterns like those
in Figure 1.

One frequently finds Eq. (7) cast into a quantum-
mechanics-like format with a “potential energy” term that,
by analogy, can provide additional insights into the prop-
erties of the resonances and the mechanisms by which
light is transferred (or “tunnels”) from the boundary of a
cylinder or sphere toward the outside region.41,46,50,51 For
the case of cylinders, the relatively straightforward method
to obtain a Schrodinger-like equation is clearly shown in
Ref. [50]. However, these formats are not necessary in
order to be able to calculate and plot the WGM fields.

4. MODE CHARACTERISTICS
The WGM Q factors can be directly calculated from the
equations in the previous sections. The real part of k0 gives
the resonance wavelength �0 = 2�/Re	k0
 and the mode
quality factor Q= Re	k0
/�2Im	k0
� of the mode. Assum-
ing no material-related losses, then the Q factors are con-
trolled only by radiative losses and are mainly governed by
the refractive index contrast between the confining layer
and the outer material, the thickness of the layer, and the
diameter of the capillary. As shown in Figure 2, the large
index contrast between the outer capillary wall and outside
air (1.45 vs. 1.00), as compared to a typical fluorescent
layer and the inner wall (e.g., ∼ 1�6 vs. 1.45) lead to larger
Q factors for the LCORR as compared to the fluorescent-
type structures. For typical LCORR parameters, the calcu-
lated WGM Q factors can be enormous (e.g., > 1015 for
the first-order radial modes of a 100-m-diameter capil-
lary). Since experimental observations give Q = 106–107

for structures in this size range,52 other effects such as

scattering or absorption must limit the ultimate achievable
Q factor. For FCMs, the calculated Q factors are typically
in the range of 103–106 depending on the film thickness,
whereas experiment gives Q ≈ 103.53 For both structures,
the higher radial orders are generally lossier and tend to
have lower Q, as long as there are no material-related
losses.
Material losses can also be modeled by using a com-

plex refractive index in the equations shown in the previ-
ous section. These losses lower the achievable Q factor,
which could in fact be a sensing transduction mechanism
in some cases.54 The total Q factor is related to the various
loss parameters according to 1/Qtotal = 1/Qrad+ 1/Qabs+
1/Qsca � � � � where Qrad, Qabs, and Qsca are the radiation
limited, absorption limited, and scattering limited Q fac-
tors, respectively. Which loss effect dominates depends on
the size and structure of the resonator: for small or high
curvature structures, Qrad is usually the limiting parame-
ter, whereas for large ones material absorption or scatter-
ing represent the ultimate limit.55,56 Figure 6 illustrates the
effect of absorption in the analyte, assuming the typical
device parameters given in the figure caption.47

In an LCORR, the free spectral range (FSR: the fre-
quency spacing between modes), finesse (the ratio of the
mode spacing to the mode width), and visibility (a measure
of mode intensity compared to the background) are rarely
measured experimentally, since the tunable laser measure-
ments are typically done over a range much smaller than
one FSR. In an FCM, data is simultaneously collected over
a range of wavelengths much larger than the FSR, so the
periodicity in the WGM spectrum should be easily observ-
able (e.g., Fig. 7). This can be beneficial for detecting
small shifts for sensing applications; for example, by using
Fourier methods to measure the resonance shifts over the
whole spectrum rather than using just one peak.57,58

Fig. 6. Effect of absorption or scattering losses in the analyte, for an
LCORR (left) with a = 50 m and an FCM (right)47 with a = 15 m,
as a function of the confining layer thickness (index m2 = 1�45 for the
LCORR and 1.67 for the FCM). The outer layer m3 was either air
(LCORR) or glass with m3 = 1�45 (FCM), and the channel index m1 =
1�33. For the LCORR, the Q factors are so high in the absence of all
but radiation losses that the �= 0 case (no material losses) is not shown.
The outer capillary radius of the LCORR was 50 m, the same as the
inner capillary radius of the FCM.
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Fig. 7. (a) TM-polarized spectral-spatial mode map along the length
of the capillary shown in the fluorescence image on the right side of
panel (a). The variations in the resonance wavelengths are due to changes
in the fluorescent silicon quantum dot film thickness along the length of
the capillary. The substructure in the zoomed-in region (red box) is due
to spiraling modes. (b) shows representative “1 dimensional” spectra for
water (blue) and ethanol (red) in the channel. Modified From [47]. S.
Lane, J. Chan, T. Thiessen, and A. Meldrum, Whispering gallery mode
structure and refractometric sensitivity of fluorescent capillary-type sen-
sors. Sensors and Actuators B: Chemical 190, 752 (2014).

5. SENSITIVITY AND DETECTION LIMITS
5.1. Calculating the Refractometric Sensitivity
There are several related ways to calculate the sensitivity
to changes in the channel index. Perhaps the simplest one
starts by noting that the resonant wavelength is approxi-
mately given by

�0 ≈
2�a

l
�f1m1+ f2m2+ f3m3� (26)

Here, fi is simply the fraction of the mode energy in the
ith layer and the term in the brackets is the average refrac-
tive index, a is the capillary radius, and l is the angular
mode number. Taking the derivative yields

S = d�

dm1

≈ 2�af1
l

≈ �0f1
m2

(27)

where it is assumed that all of the light is in layer 2 so that
l≈ 2�m2a/�0. Obviously this approximation is crude, but
it does give a reasonable estimate of the sensitivity, as we
will show below.
Alternatively, the sensitivity can be calculated in a more

fundamental way:

S = d�

dm1

= −2��dk/k20�

dm1

=− �0

dm1

· dk
k0

(28)

Here, dk/k0 is the fractional shift in the magnitude of
the wavevector induced by a small change in the refrac-
tive index m1. Teraoka and Arnold59–61 showed for a lay-
ered microsphere that this fractional shift depends on the
fraction of the mode energy within the analyte. They also
showed how to estimate the fractional shift using pertur-
bation theory:

dk

k0
=−1

2

∫
Vp
��r

−→
E∗

0 ·−→Epd
3r

∫
V
�r
−→
E∗

0 ·
−→
E0d

3r
(29)

in which
−→
E0 and

−→
Ep represent the initial electric field

and the one perturbed by the index change in the chan-
nel, respectively. The denominator is integrated over all
space (V ) while the numerator reflects the volume Vp in
which the dielectric constant has been changed by d� (the
inner layer).
We showed how to solve these integrals in Ref. [62],

yielding the following equations for the refractometric sen-
sitivity of capillary structures:

STE = �0

m1

· I1
I1+ I2+ I3

(30a)

STM = �0

�2k21�

m3
1�k

2
0 + �k∗0�2�

·
(
b�al�2

(
dJ ∗

l �m1k0r�

dr

∥∥∥∥
b

Jl�m1k0b�+ J ∗
l �m1k0b�

× dJl�m1k0r�

dr

∥∥∥∥
b

)
+ k20+ �k∗0�

2

k20�1
I1

)

·
([

I1
m2

1

+ I2
m2

2

+ I3
m2

3

])−1

(30b)

where the “I” terms represent the volume-integrated elec-
tric field energy within layers 1, 2, or 3, the “∗” indicates
the complex conjugate, and (k0�1, k0�2� are the (real, imag-
inary) parts of the resonance wavevector.
The energy terms can be obtained by numerically inte-

grating the following expressions:

I1 =
∫ m1k0� 1b

0
x�AlJl�x̃��2 dx (31a)

I2 =
∫ m2k0�1a

m2k0� 1b
x�BlH

�2�
l �x̃�+H

�1�
l �x̃��2 dx (31b)

I3 =
∫ �

m3k0a
x�DlH

�1�
l �x̃��2 dx (31c)

where x̃ ≡ x�1+ ik0�2/k0�1� and x ≡ k0�1nr . Equation (31)
is written explicitly for the TE case; for the TM polar-
ization one replaces the Al, Bl, Dl coefficients with the
TM ones. Equation (31) can require some care in setting
the integration limit, since in practice Eq. (31c) diverges,
although the divergence might not always be apparent up
to an integration limit close to Qa. For low Q-factors, the
field may never approach zero outside the outer boundary,
which will lead to further issues in setting the integration
limit.
For biosensing applications, the refractive index changes

will be localized to the region immediately at the capillary
inner wall. In that case one does not have a uniform change
in the refractive index, as assumed in the previous equa-
tions, and the sensitivity does not have the same meaning
(since there is effectively no dm1). Teraoka and Arnold
showed how the resonance shift related to a uniform layer
of adsorbed particles can be calculated.60,61 Equation (30)
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becomes slightly modified, since one instead has to calcu-
late the shift due to a uniform density of small particles
of index np coated on the channel surface. For a uniform
refractive shift, Zhu et al.63 showed that the fractional shift
due to biomolecular absorption can be estimated as:

d�

�
= �p�ex

2�
√
m2

2−m2
1

�0�
2
0

m2

m2
1

S (32)

where �0 is the vacuum permittivity, �p is the biomolecule
surface density, �ex is the biomolecule’s excess polariz-
ability, and S is the sensitivity calculated previously. The
fractional shift depends linearly on the device sensitivity
and the concentration of surface particles.

5.2. Detection Limits: Getting the Most
Out of the Measurement

The detection limit (DL) is the most important figure of
merit for microfluidic capillary sensors. The DL depends
on the sensitivity of the device and the wavelength shift
resolution limit, ��min, of the measurement system, and is
given by

DL= ��min/S (33)

in dimensionless units. A low detection limit requires a
small shift resolution limit and a large sensitivity. Two
different methods can be used to sense the resonance
shift.64,65 In the “intensity-shift” method, the transmission
is measured through a waveguide or fiber taper, evanes-
cently coupled to the device, at a fixed wavelength. The
laser should be tuned to the maximum slope of the WGM
and the shifts are measured as intensity changes. This
method can be very sensitive but it has a small dynamic
range for changes in the capillary channel index. In the
wavelength-shift method, a tunable laser is scanned across
a resonance and the peak shift is measured.

In one approximation, the wavelength shift resolution
was considered inversely proportional to the Q factor and
sensitivity of the WGM, such that DL � �QS�−1.66 Unfor-
tunately, this leads to some inconsistency in the literature,
with different works assuming various wavelength shift
resolutions as fractions of the resonance linewidth.67 Sev-
eral subsequent works have assumed that the detection
limit is inversely related to the Q factor. However, these
assumptions are too simplified; good detection limits can
also be achieved with low Q factors, depending on the data
sampling, noise levels, and data analysis methods.57,68

If the peak wavelengths are to be found via Lorentzian
curve fitting, Silverstone et al.57 used numerical modeling
to find ��min over a fairly wide range of experimental
conditions, within a 3� level of certainty:

��min�3��=
2�2 ·10−20 ·�f 0�29 ·P 0�65

SNR0�51
meters (34)

Here, �f is the width of the WGM in units of Hz (which
can be directly converted from wavelength via ��f � =

�c��/�2�), P is the sampling rate also in Hz (i.e., spectral
frequency range per pixel on the CCD), and the SNR is
on a linear scale. The Q factor does play a role via �f but
it is a rather weak effect (i.e., changing the linewidth by
three orders of magnitude only changes the 3� resolution
��min by a factor of ∼7.5), holding everything else con-
stant and assuming that the sampling rate is greater than
the Nyquist rate.
For an FCM, the spectrometer will typically collect data

over a range of wavelengths much larger than the FSR.
Silverstone et al. found that this case lends itself naturally
to Fourier analysis techniques. Accordingly, they applied
the Fourier shift theorem over the periodic WGM spectrum
to find the wavelength shifts induced by different analytes
in the channel. A numerical analysis over a wide range
of conditions showed that the detection limit is only very
weakly (and inversely) dependent on the linewidth:57

��min�3��=
1�75 ·10−14P 0�50

�f 0�12 ·SNR0�52
meters (35)

Here, increasing the Q factor (i.e., decreasing the WGM
linewidth) by a factor of 1000 worsens the wavelength
resolution by a factor of about 2.3, as long as the linewidth
remains smaller than the FSR. Essentially, higher Q leads
to poorer sampling of each peak and ultimately decreases
the ability to resolve spectral shifts.

6. EXPERIMENTAL TECHNIQUES
(FABRICATION, FUNCTIONALIZATION,
EXCITATION, AND ANALYSIS)

Experimental details for making LCORR and FCM sensor
measurements are rarely included in standard publications
where only a short experimental section is typically given.
Fortunately, two experimental papers have been published,
that focused on the laboratory aspects of LCORRs69 and
FCMs.70 Essentially, the experimental aspects can be bro-
ken down into three parts.

6.1. Sample Fabrication
Making an LCORR or FCM is non-trivial. LCORRs are
usually synthesized by a combination of heating and
pulling, and etching with hydrofluoric acid. The heating
and pulling technique can be adapted from custom-built
fiber tapering stations. These often use a hydrogen torch
or CO2 laser to locally heat the sample, which is simulta-
neously stretched by attaching the sample to small servo
motors on each side. Typically, a bank of “recipes” for the
temperature, time, and pulling rate has to be custom built
to produce the desired structure, which takes some amount
of trial and error.
A problem with the LCORR is that there will be uncer-

tainty in the capillary wall thickness unless the recipes are
well characterized and reproducible. Since the overall sen-
sor performance is highly sensitive to the wall thickness,
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further thinning to a desired value is often done by pump-
ing HF through the channel while monitoring the opti-
cal response of the capillary. This obviously requires the
use of dangerous chemicals and is one of the drawbacks
to LCORR fabrication. However, an advantage is that the
wall thickness can be controlled quite precisely. The final
capillary is extremely fragile and a considerable amount
of care is required in handling it.
With FCMs, the biggest fabrication difficulty is making

a uniform luminescent film of the right thickness inside the
capillary. Both silica-embedded quantum-dot71 and dye-
doped polymer films58 have been synthesized. McFarlane
et al.70 reported that the success rate is quite low (on the
order of a few percent) and is sensitive to the age of the
chemicals, due to oxidation and hydration issues. The film
thickness is difficult to control, although finer tuning could
likely be obtained, for example by etching the layer con-
taining the QDs. Rolled “tube” FCMs are another alter-
native,72 but these are difficult to interface to a pumping
system.

6.2. Setup
Once the sample has been fabricated, the next issue is
getting it hooked up to a syringe pump and associated tub-
ing system. Norland-type adhesive (e.g., #76) yields good
results on polyethylene tubing and standard solvents such
as methanol, ethanol, water, or phosphate buffer solutions,
but it appears at least partly dissolved by acetone. Typi-
cally, tests need to be conducted to ensure that the adhesive
is compatible with the tubing and solvent used, otherwise
the seal between the tubing and the capillary can weaken
and eventually begin to leak. The tubing length should
be minimized in order to avoid the experiment taking a
long time as the solvents are slowly pumped through long
tubing lengths. A pumping rate of a few microLitres per
minute or less is typical, using a standard syringe pump.

6.3. Data Collection
For an FCM, the only requirement is a system to col-
lect and analyze the luminescence. A microscope objec-
tive coupled to a simple spectroscopy system such as the
SGS from the Santa Barbara Instruments Group (now no
longer produced) or the LHires from Shelyak work well.
The WGM spectrum can be collected over a wide range
of wavelengths much larger than the free spectral range.
Thus, many modes are collected at the same time, although
at the cost of a relatively low signal. For an LCORR,
a tapered fiber must be fabricated and brought near the
capillary wall using piezo-controllers. Then light from a
tunable laser is coupled into the taper and scanned across
one or more WGM resonances. Alternatively, the LCORR
can be interfaced to a system of optical waveguides on
a chip.73 The WGMs appear as dips in the transmission
spectrum collected by a photodiode at the opposite end of
the taper. The signal-to-noise ratio is much higher for a

given collection time than for the fluorescence method, but
the wavelength range that can be collected is narrower.
Each technique has a specific set of advantages and dis-

advantages. The LCORR is considerably more difficult and
expensive to analyze, but it yields better detection limits as
compared to the FCM, which in turn is far more durable
and robust.

7. PITFALLS
7.1. Thermal Effects
One of the biggest issues with capillary-based WGM sen-
sors is thermal drift. Temperature fluctuations in the lab-
oratory, or as a result of absorption of the pump light,
modify the refractive index of all three layers via the
thermo-optic effect. Thermal expansion can also affect the
resonant wavelength. For example, in an FCM the reso-
nant wavelength was found to shift by around 1 pm/mW
of laser power used to excite the fluorescent layer.71 Con-
sidering that shifts as small as 1 pm can theoretically
be detected via Fourier methods, temperature fluctuations
may represent the ultimate barrier toward achieving lower
detection limits. In LCORRs, laboratory temperature drifts
as small as 1–2 K can be significant.74

The magnitude of the temperature-induced wavelength
shift can be obtained by noting that a change in the
effective index or capillary radius produces a propor-
tional change in the resonant wavelength, which can be
assumed linear. Thus, d�/�0 = dneff/neff+da/a. If these
changes are temperature-dependent, we can divide both
sides by dT , yielding

d�

dT
= �0

(
1

meff

dmeff

dT
+ 1

a

da

dT

)
(36)

The second term on the right side in the brackets is
the linear thermal expansion coefficient of the capillary,
�, and meff is approximated by f1m1+ f2m2+ f3m3, with
fi being the energy fraction in the ith layer. Using the
expressions derived above for the fractional intensities, the
temperature-induced wavelength shifts for both polariza-
tions is:
d�min� TM

dT
= �0

(
�I1/m

2
1��1+ �I2/m

2
2��2+ �I3/m

2
3��3

I1/m1+ I2/m2+ I3/m3

+�

)

(37)

d�min� TE

dT
= �0

(
I1�1+ I2�2+ I3�3

m1I1+m2I2+m3I3
+�

)
(38)

where the thermo-optic coefficient in the ith layer is �i =
d�/dTi. Finally, the temperature-shift-induced detection
limit can be found by multiplying Eq. (33) by dT /dT :

DLthermal��TE�TM� =
d�min� �TE�TM�

dT
· dT

STE�TM
(39)

The term dT/S is the ratio of the thermal fluctuation
in the experiment to the sensitivity of the sensor. Equa-
tion (39) is the refractometric detection limit due to tem-
perature fluctuations alone. The overall detection limit is
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then the sum of the resolution-limited one (Eq. (33)) and
temperature-limited one (Eq. (39)).

Figure 8 shows the temperature-fluctuation-based detec-
tion limits for an FCM and an LCORR, assuming a
laboratory fluctuation of 1 K. For different temperature
fluctuations, the results scale proportionally. For an FCM,
a zero thermal detection limit can be achieved for a suffi-
ciently thin film (e.g., ∼400 nm as in Fig. 8), but for more
typical thicker films, a low DL requires either a large neg-
ative thermo-optic coefficient or a large refractive index of
the solvent. This is because only a relatively small frac-
tion of the mode energy extends into the channel. For
an LCORR, a wall thickness of ∼1.3 m can produce a
zero thermal DL within the range of m1 and � of typical

Fig. 8. Contour maps of the thermal detection limit for a typical
FCM (top) and LCORR (bottom), as a function of the refractive index
(abscissa) and thermo-optic coefficient (ordinate) of the analyte. FCM:
first radial order, TE polarization, l= 190, a= 15 m, fluorescent layer
thickness t = 0�4 m, and m2 = 1�67. LCORR: first radial order, TE
polarization, l= 550, a= 50 m, wall thickness t = 1�3 m, m2 = 1�45.
Both structures can theoretically achieve a zero thermal limit (inside the
dark red band) under normal conditions if the wall thickness can be con-
trolled precisely.

solvents such as water, for the first order mode. The opti-
mal wall thickness depends on the radial mode order to be
measured.
Two papers recently showed that there can be an opti-

mum thickness at which the thermo-optic coefficient of
the silica-based layer 2 can be balanced by the nega-
tive coefficient of water, leading to a zero net thermal
shift.74,75 For this specific thickness, the thermal detection
limit (Eq. (39)) becomes zero. These zero drift “valleys”
are within the dark red bands for the two specific exam-
ples shown in Figure 8. In the case of an FCM, getting
a DLthermal = 0 depends on having a very thin fluorescent
coating. In many practical cases, the thermal drifts can
represent the ultimate detection limit of the device.

7.2. Mechanical Drift
A second aspect that can limit the achievable DL is
mechanical drift. In the case of an LCORR, mechanical
instabilities can lead to relative motion between the fiber
taper and the capillary. Since the taper must be held very
close to the LCORR in order to have efficient coupling, the
taper drift can affect the Q factor and resonant wavelength
of the device. In the simplest approximation, the gap-
dependence of the linewidth has been approximated as76

��= �0

Q0

(
1+ �e

�0

)
(40)

Here, Q0 is the “intrinsic” Q factor (in the absence
of the taper), �e is the taper-to-disk coupling rate, and
�0 is the cavity’s intrinsic loss rate, which is simply
2�c/��0Q0�. The value of �e depends exponentially on
the gap: �e = �e�0�e

−�g , where �e(0) is the coupling rate
when the cavity and the taper are in contact, � describes
the strength of the coupling, and g is the gap distance.
These values need to be obtained experimentally; for GaAs
nanodisks with a silica fiber taper, � was found to be
0.0025 nm−1 and �e(0) ≈ 15 GHz. Typically, the linewidth
may change by a few hundred pm upon changing the
gap distance from 350 to 200 nm, at an increasing rate
as the gap narrows.77 In the case of intensity-shift sensor
transduction, the transmission at a fixed wavelength also
depends on the taper-cavity distance via78

T =
(
1−�e�0

1+�e�0

)2

(41)

In an LCORR, taper-capillary drift can cause small
wavelength shifts. While the magnitude of such shifts as a
function of gap cannot be readily calculated, redshifts up
to 8 nm have been reported for low-angular-order WGMs
of silicon microdisks,79 while other theoretical studies
have suggested a more complicated gap dependence.80 In
LCORRs, the drift-induced wavelength shifts are probably
quite small and likely do not appreciably affect the detec-
tion limits as much as thermal drifts or the wavelength
shift resolution limits.
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For FCMs, the main issue is mechanical drift with
respect to the entrance slit of the spectrometer. While
this effect cannot easily be quantified, we have found that
mechanical motion of the capillary or the microscope stage
itself can, over a period of hours, significantly affect the
results. If the capillary axis is aligned perpendicular to the
entrance slit, any drift perpendicular to the capillary axis
(i.e., along the length of the slit) will change the vertical
position of the spectral image on the CCD array. This can
lead to data processing and wavelength calibration issues.
Parallel drift (along the capillary channel) means that a
slightly different part of the capillary is exposed in each
image. Unless the capillary parameters (i.e., film thickness
and inner diameter) are uniform along the length of the
drift, artificial shifts will appear in the sensorgrams.

7.3. Spiral Modes
A third effect (after thermal fluctuations and drift) is more
closely related to the physics of capillary WGMs. All of
the calculations in the previous section assumed that there
was no z-component of the electric field (i.e., kz = 0 along
the capillary axis). However, both LCORRs and FCMs can
show strong spiraling mode effects.81 Spiral, or “skew,”
modes are well known in optical fibers82 and have been
described with respect to cylindrical WGMs.84 For small
spiraling angle � (Fig. 9), the resonance wavelength can
be estimated as82

�≈ �a

l

(
2meff−

�2

meff

)
(42)

Equation (42) shows that spiral modes should appear on
the short-wavelength side of the main WGM.
Spiral modes can appear as a set of peaks that ride

on the short-wavelength tail of the main WGMs. Whether
these peaks are resolvable or simply appear as a short-
wavelength skewing of the main WGM seems to depend

Fig. 9. Diagram showing ray path of a spiral WGM (blue line). The
angle � is used to calculate the associated resonance wavelength using
Eq. (42).

on the experimental conditions, such as the thickness of
the confining layer.83 A key aspect has to do with angular
distribution of the illumination. In the case of LCORRs,
Zamora et al.84 showed that the excitation of the spiral
modes could be controlled to some degree by the taper
diameter. Wider tapers produce a narrow angular distribu-
tion of the excitation light, and were found to reduce the
appearance of spiral modes. The drawback is, of course,
that the coupling rate decreases due to the smaller evanes-
cent extension of the field for a thicker taper. In the case
of FCMs, the luminescence is mainly isotropic (to a first
approximation ignoring Purcell effects) regardless of the
excitation condition, and therefore spiral mode skewing of
the main WGMs is ubiquitous and unavoidable.
The presence of spiral modes can have minor detrimen-

tal effects on the sensing performance, since it essentially
broadens and skews the WGMs. If the WGMs become
skewed, they cannot be modeled using a Lorentzian line-
shape. Thus, if one wants to use curve fitting methods to
measure peak shifts, one needs a function that can ade-
quately describe the skewed mode shape. Manchee et al.71

showed that the following “skewed Lorentzian”85 equation
fits the WGMs quite well, although it lacks physical basis
with respect to WGMs:

P�f �= 2A
���f �

/

[
1+4

(
f − f0
��f �

)2]
(43)

Here, f0 is the central frequency, A is a normalizing
factor, and the peak width � describes the frequency-
dependence of the skewing according to

��f �= �1+B��0

1+B · ec�f−f0�
(44)

where c is another fitting parameter.

8. EXAMPLES OF RELEVANT SENSORS
Several potential sensor applications have been explored
and experimentally verified. Most of the work has focused
on LCORRs, since these structures have been studied for
a longer time and by more research groups. This is not
meant as an exhaustive sampling of all such work, but
simply as a brief overview to illustrate the almost limitless
possibilities of refractometric capillary-based biosensing.
Some studies show physical versatility of these systems,
which are able to handle almost any solvent including
viscous, dense oils,86 and in many cases true chemical
biosensing has been demonstrated.
The most common channel wall functionalization

scheme so far is based on the standard silanization reac-
tion.87,88 This starts with a clean, –OH-terminated surface,
which can be obtained by HCl washing followed by rins-
ing with methanol, water, or other alcohols, or by anneal-
ing in a hydrogen- or moisture-rich ambient, or other
preparation methods.89 The next step is typically to pump
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an amine-terminated silane solution (e.g., aminopropyl-
tri(m)ethoxysilane: APT(M)S or APT(E)S) into the capil-
lary. The CH3 end of the APTS molecule hydrolizes with
water, forming an OH termination which then binds with
–OH terminated silica surface to bind the silane through
an Si–O–Si link, producing another water molecule in the
process (Fig. 10).

This reaction is sensitive to the water concentration;90

even 1–2% water in the APTS in (m)ethanol solutions
can cause extensive polymerization of the APTS and the
formation of an uneven and non-uniform functionalized
surface. Such surfaces tend to be unstable and susceptible
to the subsequent undesired removal of “chunks” of poorly-
bound polymerized material. Anhydrous functionalization
can be desirable if enough water to maintain the reaction
is available from the surface reaction. Ideally, the resulting
surface would consist of a monolayer of APTS on the chan-
nel wall, with the –NH2 terminus available for reaction, but
this can be difficult to achieve on a consistent basis.91

Some of the earliest examples with LCORRs involved
single-strand DNA sensing.92,93 Single-stranded (or double

Fig. 10. Silanization scheme illustrating surface silanization (hydrolysis
and condensation steps), followed by binding of biotin to the silanized
surface. Modified From [101], N. A. Lapin and Y. J. Chabal, Infrared
characterization of biotinylated silicon oxide surfaces, surface stability,
and specific attachment of streptavidin. J. Phys. Chem. B 113, 8776
(2009). © 2009. From [91], J. A. Howarter and J. P. Youngblood, Opti-
mization of silica silanization by 3-aminopropyltriethoxysilane. Langmuir
22, 11142 (2006). © 2006. From [102]. S. McFarlane, Biosensing using
fluorescent-core microcapillaries, University of Alberta Masters Thesis
(2012). © (2012).

stranded)94 DNA fragments can bind to the amine-
terminated silanized surface layer. Detection limits were
found to be on the order of 4 pg per square millimeter of
the channel surface, corresponding to a density of about
1010 molecules/cm2 for an LCORR with a sensitivity of
about 37 nm/RIU, which is high for a first-order WGM.
The same group later demonstrated the binding of double-
stranded DNA to methyl binding proteins,95 rather than
using the silane-binding schemes discussed in the previous
paragraph.
Biotin-avidin reactions are one of the most common test

systems for new biosensor technologies, mainly because
the binding chemistry is well understood and because of
the exceptionally strong chemical affinity between biotin
and streptavidin.96–98 The functionalization can be based
on the silane chemistry described above, since the NH2

ends of the silane molecules bind to biotin through its car-
boxyl end. Alternatively, one can attach biotinylated BSA
(bovine serum albumen) to the –NH2 endgroups of the
silane molecules. Using biotinylated BSA has the advan-
tage that the expected wavelength shift is larger than it
would be for the much smaller biotin molecule. BSA is a
large protein that can have both carboxyl and amine end
groups, and can thus bind to biotin and to the silanized
capillary channel. Non-biotinylated BSA can also be used
to block the silanized surface against nonspecific sticking
of streptavidin or other proteins.99 This can be a useful
check that the surface chemistry is occurring as expected.
A third option is to use silane functionalized polyethylene
glycol (PEG) with the desired endgroup (e.g., silane-PEG-
biotin).100

The last step is then the reaction of (strep)tavidin
with the surface-bound biotin. The streptavidin protein
is large compared to biotin; essentially the tetrahydroth-
iophene end of the biotin fits almost perfectly into the
“divots” in the streptavidin, in one of the strongest
non-covalent biomolecular binding reactions.103 Success-
ful tests have been performed both for microspheres,104

which was one of the earliest demonstrations of capil-
lary WGM based biosensing, and FCMs,105 although in
the latter case a significant amount of nonspecific strep-
tavidin binding was reported. The reverse binding, in
which streptavidin was attached to a surface that was first
silanized and then activated for streptavidin using a bis
(sulfosuccinimidyl) suberate solution, was used to show
small molecule (biotin) detection in a highly sensitive
LCORR.106 Direct BSA binding to a silanized LCORR has
also been established.63

Several other types of biomolecular sensing have
been demonstrated, mainly also involving some form of
silanization surface chemistry. For example, T4 bacterio-
phage virus was detected in an LCORR, at a level of
2�3× 103 pfu/mL (plaque-forming units) using silaniza-
tion followed by glutaraldehyde cross linking.107 The
R5C2 phage was also detected in an LCORR using
the same surface functionalization method and detected
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via streptavidin binding after blocking with BSA.108

The 6-benzylaminopurine plant growth regulator was
detected at a level of 0.01 mg/kg, using the same initial
silanization+glutaraldehyde steps, followed by the appli-
cation benzylaminopurine riboside antibody to the gluter-
aldehyde cross linker.109 Phosphate-based pesticides were
detected using similar methods, with the addition of AChE
enzyme to the glutaraldehyde linker.110 Detection limits
were around 3�8× 10−11 M. HER2 breast-cancer-related
antibodies were also reported at levels down to 13 ng/mL,
by cross linking the LCORR surface with dimethyl pime-
limidate dihydrochloride rather than glutaraldehyde.111

Almost all of these methods are based on initial silaniza-
tion of the capillary channel. This is the key function-
alization step; because of the potential difficulty with
polymerization and the formation of less stable surfaces,
it is imperative to run blanks (e.g., perform the same exper-
iment without the silanization step or use a blocking agent)
to ensure that the surface binding is indeed specific to the
detected compound. The evidently wide range of possi-
ble biochemical sensor devices and the obvious success of
many investigations over the past several years suggest that
LCORRs and potentially FCMs can be versatile and very
sensitive, and could even compete with surface-plasmon-
based methods for many applications. The biggest dif-
ficulty, at the moment, is probably associated with the
extreme mechanical fragility of thinned capillaries and the
necessity to perform surface chemistry inside these fragile
structures.

9. CONCLUSIONS AND OUTLOOK
The cylindrical whispering gallery modes of microcapil-
laries represent a highly sensitive and potentially promis-
ing means for microfluidic sensing and analysis. These
devices are known alternatively as liquid core optical ring
resonators, opto-fluidic ring resonators, or fluorescent core
microcapillaries. In all cases, they utilize a thin high-
refractive-index layer to confine radiation and develop the
resonant modes of the structure. In LCORRs (which are
essentially synonymous with opto-fluidic ring resonators,
or “OFRRs”), the resonances form in the glass walls of
a mechanically thinned capillary and are probed with a
tunable laser system which is evanescently coupled to the
device. In the FCM case, a high-index fluorescent layer
is formed on the capillary channel and the resonances are
probed with a spectrometer.
In this short review, the basic theory that permits the cal-

culation of the mode field profile was first outlined. This is
the first necessary step in the study of capillary (or fiber)
WGM-based structures. LCORR and FCM structures were
then compared and contrasted, showing the advantages and
disadvantages of each sensor type. The LCORR is fun-
damentally a more sensitive device in almost all aspects,
mainly because the resonances are better confined due
to the large index contrast between the thinned capillary

wall and the outside air (this contrast is much smaller
in an FCM, where the outermost effective boundary is
between the fluorescent layer and the thick-walled capil-
lary). However, LCORRs have several troubling aspects
including mechanical fragility and a rather difficult setup
that requires careful positioning of optical elements. FCMs
are far more robust, but they lack the amazing sensitivity
of LCORR-type devices.
Next, we examined the various experimental setups

that can be used for each structure. It can be quite
difficult to determine the experimental difficulties from
the short “experimental” section of most papers; hence
two experimentally-oriented works were cited extensively.
These efforts can be useful to prevent future investigators
from spending a lot of time overcoming the same prob-
lems. Finally, a short summary of the recent applications
of these devices was provided, with a few key aspects
concerning the surface chemistry typically required to be
performed in the capillary channel.
The future of this field remains open. A key aspect for

LCORRs will concern the difficulty of integrating the frag-
ile structure onto a workable device. In terms of sensor
applications, FCMs lag behind LCORRs, partly because
of their lower sensitivity but also, probably, because only
a few groups have to date been able to make and test such
structures. Alternative cylindrical WGM sensor structures
not explicitly discussed in this brief review (e.g., litho-
graphically patterned microdisks) are also very promis-
ing, with at least one company now selling diagnostic
devices based on advanced microdisk technology.112 The
basic cylindrical resonances are mainly identical to those
discussed here, but may include reflections from the top
and bottom surfaces.
Future work will probably aim towards specific appli-

cations and packaging (i.e., how to integrate a complete
detection system). Simple and more effective synthesis
methods for FCMs are also desirable, and if the layer
index can be increased, the sensitivity and detection limits
of FCMs could approach LCORR values. Finally, the sil-
ica surface chemistry that occurs in the capillary channels
is not always the same as for flat interfaces and has not
been well-studied. The effects of pH can be critical and
the exact values used in the capillary devices are rarely
reported. Thus, the functionalization chemistry remains
one of the most difficult and hard-to-reproduce steps in
the development of targeted WGM-based capillary sensor
devices.
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