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Abstract  
 

Breaking the Limit for Bio-Sensing: 

Sensitivity Enhancement of Resonant Cavity Due To Sub-

Wavelength Confinement by Heterogeneous Dielectric Layering  

Ophir Gaathon  
 

 
The whispering gallery mode (WGM) bio-sensor marries electromagnetics and 

photonics with biology and returns very high sensitivity. It accomplishes this by utilizing 

high quality factor resonator (Q~107) in a mode in which adsorption by bio-molecules on its 

surface shifts the whispering gallery modes in the frequency domain. Its potential uses are 

expansive into many domains such as clinical assay and the assessment of bio-chemical 

threats, to name a few. As a consequence this area of research has seen exponential growth in 

the last few years. However it is not single-molecule sensitive; it falls short in its native state 

by about two orders of magnitude. Herein we present a dielectric design for a resonator in 

which light is squeezed into a small volume as it circumnavigates a silica microsphere. This 

is accomplished by adding a high refractive index sub-wavelength layer to the surface. The 

result is a theoretical enhancement in sensitivity of between one and two orders of 

magnitude.  

The new dielectric structure had been fabricated by nano-layering on a silica sphere 

and introducing it into an evanescent coupling system. The demonstrated enhancement in 

sensitivity is 2.5X the published standard1.  
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I n t r o d u c t i o n   
 

One of the most basic processes in our bodies is the interaction between 

macromolecules (such as protein-protein and DNA-protein). Examples of these interactions 

are illustrated by our ability to replicate DNA, silence genes, or identify infectious agents 

(e.g. viruses and bacteria) through antibodies. Understanding the kinetics involved in these 

types of interactions are critical for the development of new drugs for diseases such as cancer 

and Alzheimer. In addition, with the growing concern for biological / chemical terrorism 

there is a need for fast and reliable sensors that can detect minute concentrations of agents in 

the early stages of an attack. To do so, an ultrasensitive and highly specific sensor must be 

developed.     

The use of resonant spherical optical microcavities as sensors has been a subject of 

intense research for several years. The detection scheme utilizes the interaction between 

photons that are trapped inside a microsphere and molecules on its surface. As light is 

confined by total internal reflection inside the sphere, a rapidly decaying evanescent field 

exists at the surface. This evanescent field polarizes the molecules which in turn causes a 

shift in the resonance frequency. In order to make this interaction specific one can exploit 

nature’s highly selective bio-interactions. By functionalizing the surface of the microspheres 

to compliment a target body (protein, Virus, DNA, etc.) the selective biosensor was born1.  

Due to the special geometry and other properties of silica microspheres the 

characteristic line-width is very narrow (~1 part in 108 in frequency). This enables us to 

notice subtle changes in frequency.  

But unfortunately we face an experimental obstacle. In the attempt to sense an 

infinitesimally small number of molecules (with the final goal of a single molecule) we have 
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to pass a noise barrier. The signal to noise ratio is simply too small. Even though, in 

principle, the possible sensitivity of the optical system can be down to a single molecule, 

experimental constraints (such as electronic noise and thermal fluctuations) prohibit us from 

reaching that limit.  

Ideally, we would like to amplify the shift from our optical system. As this detection 

scheme is intensity independent (pumping more light into the system does not increase 

sensitivity) we need to be able to change the strength of the interaction between the 

evanescent field and the molecules. In other words, our goal is to make the sensing of every 

molecule more dramatic. Here we propose a method to push light to the surface of the sphere 

by confining it to a thin film around the sphere. By forcing light to travel closer to the surface 

we in effect redistribute the wave, exposing more of it evanescently to the outside.        

In the next chapter (chapter 1) we will cover the basic theoretical principles for the 

standard whispering gallery mode sensor. These principles serve as the foundation upon 

which we will build the framework for enhancement (chapter 2). In chapter 3 we will cover 

the preliminary experimental results that demonstrate this enhancement. Finally, at the end of 

the thesis there are several appendices that complement the chapters and provide more 

detailed information that unfortunately could not be put into the chapters without digressing.     

 

A short note about the heuristic approach taken in this thesis: 

There are many ways to model how light is confined inside a microsphere. Ray optics 

and electromagnetic waves are some of the most common methods; each one has its own 

advantages and deficiencies. The motivation behind modeling is to help us understand how 

things work. Insight is what should drive a model. Ray optics for example can provide, a 

more visual way of seeing how light bounces from the inner surface of the sphere in what are 

called Whispering Gallery Modes2. However, the ray optics picture does not contain phase 

information and cannot easily explain evanescent fields. By solving Maxwell equations and 

matching boundary conditions for this system we can have a solution that is the most precise. 

Unfortunately this analysis is quite rigorous and computationally laborious. At the 

Microparticle Photophysics Laboratory we are used to visualizing the system using a 

quantum analog to Bohr’s Atom3,4. This enables us to reduce the complexity of the system 

down to tangible elements that enrich our understanding.   
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C h a p t e r  1   

G e n e r a l  P r i n c i p l e s  f o r  W h i s p e r i n g  G a l l e r y  M o d e  S e n s o r s  
 

Imagine a continuous stream 

of light (photons) that is being 

injected into a microsphere. Inside 

the sphere, along the equator, the 

light skips along the sphere’s 

boundary by total internal reflection 

(figure 1.1).  

As the light returns after 

completely circumnavigating the 

sphere it will be either in or out of 

phase with the continually injected 

stream. Looking at light as a wave 

(figure 1.2) we can say that the wave 

orbiting the sphere interfere with the 

wave entering the sphere. If the 

waves come together when they are 

out of phase, the circulating energy 

will be attenuated. But if the waves 

meet in phase we get constructive 

interference and the resulting wave 

is stronger. Because the photons are 

 

 

 
 
 
Figure 1.2 Whispering 
gallery mode (WGM) 
wave representations. 
light trapped inside a 
sphere.  l = 20, 60 &100. 

 
 
 
Figure 1.1 Whispering 
gallery mode (WGM) ray 
diagram: light trapped 
inside a sphere. 
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trapped in the sphere for much longer than one orbit, there is a buildup of intensity for those 

wavelengths that are in phase. That is: only wavelengths that make an integer number of 

cycles in a trip are optimally sustained. 

This might be a good point to introduce the term: quality factor Q. As described 

above, photons may be trapped inside the sphere for many passes (~1,000,000 times) before 

they leak out. Clearly the more orbits the photons make before it escapes the more selective 

the sphere is. The Q is linearly proportional to the life time of the photon in the sphere. 

Accordingly, only certain wavelengths (or frequencies) can bring the sphere into resonance. 

As the sphere radius changes the resonance frequency changes.  

However, there is more to the story. When photons skips along the inner boundary of 

the sphere an evanescent field is generated outside. One way of visualizing this phenomenon 

can be made through a quantum analog.    

The quantum analog for photon confinement is constructed as follows. By 

representing the electric field in terms of a scalar function Ψ= L̂E , where L̂  is a 

dimensionless angular momentum operator. The problem of solving the vector wave equation 

is easily reduced to the solution of a Schrödinger-like equation for the radial part of Ψ ; rψ 6. 

The effective energy Eeff for this quantum analog is the square of the free space wave 

vector, 2
0eff kE = , and the effective potential 

 ( )2 2 2
0 1 ( ) ( 1) /effV k n r r= − + +� �  (1.1) 

where n(r) is the radial refractive index profile, and �  is the angular momentum quantum 

number of a particular mode. The use of the quantum analog allows for simplifications which 

enable one to obtain physical insights. See Figure 1.3.  

From the figure one can see that the potential V falls for r<R. The step in the potential 

r = R is attributed to the change in the index of refraction as r becomes larger then the radius 

of the sphere R. The characteristic length of the evanescent field at grazing incidence is given 

by5 

2 2 1/2
0

1
2 ( )es

meff

l
k n n

≈
−

 , (1.2) 

where neff and nm are the refractive indices of the resonant mode, and the external medium, 
respectively.    
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A typical length is on the order of about 100nm. The origin of the field in the 

potential diagram is seen beyond the classical turning point in figure 1.3. Unlike a flat 

interface in which there is no dissipation outward, in the case of the sphere the energy level 

emerges through the potential barrier (see insert, figure 1.3). Photons are generated leading to 

dissipation. Since this point is usually a couple of microns from the surface a nanometer-size 

bio-particle is bathed in the evanescence portion of the field. The field E0 polarizes the 

particle, which leads to a perturbation in the frequency of the mode.   The relative frequency 

shift for a single particle positioned at ir  and interacting with the resonant sphere can be 

described by6 

0

0

2

2

( )

2 ( ) ( )
i

dV

αδω
ω ε

−
=
�

E r

r E r
, (1.3) 

 
where α is the polarizability of the particle, and ( )ε r  is the dielectric function throughout 

space. The strength of the interaction is proportional to the relative strength of the field on 

the surface compared to the total field.  

 

Figure 1.3 – potential diagram of solid sphere. Insert shows the first mode 
of the wave function, where the evanescent field extending in to the 
classically forbidden regions.      
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Fig. 1.4 A protein molecule at position ri on the surface of a sphere 

near an eroded optical fiber core 6.  

 

For a single particle landing on the sphere at position ( , , )R θ φ and interacting with a photon 

orbiting the equator, Eq.1.3 can be evaluated to be approximately6,   

2 2 3
0

2
( , )

( )
ll

Solid s mn n R

α θ ϕδω
ω ε

−� � ≈� � −� �

Y
. (1.4) 

Where llY  is the spherical harmonic describing the angular part of the spherical wave 

function,� 0ε  is the permittivity of free space, ns and nm are the indices of refraction of the 

sphere and medium respectively.  

 

Eq.1.4 describes what is currently the most sensitive unlabelled detection paradigm, 

but it is not currently “single molecule sensitive.” Until now experiments have been carried 

out using a random statistical number of molecules on the surface, and the shift has been 

evaluated by integrating Eq.1.3 over random surface positions. In the next chapter we will 

outline a scheme for further increasing the sensitivity, by utilizing a heterogeneous dielectric 

function (i.e. not just a solid homogenous sphere).   
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C h a p t e r  2   

L o o k i n g  f o r  E n h a n c e m e n t   
 

In the previous chapter we discussed the case of a solid sphere that is brought into 

resonance. Here we will concentrate on how we can enhance the sensitivity of the whispering 

gallery mode sensor. As mentioned before, the magnitude of the frequency shift is controlled 

by the strength of the interaction between the molecule and the field at the surface. 

Obviously, we cannot change the polarizability of the analyte at hand, but we can change the 

field strength at the surface. Looking at Eq. 1.3 we can extract a ratio that would serve as a 

measure of the strength of the field. One can see that this optical ratio Ropt does not depend 

on the analyte.  

0

0

2

2

( )1

2 ( ) ( )
i

optR
dV

ω
α ω ε
− ∂= =

�

E r

r E r
 (2.1) 

To optimize Ropt we attempt to maximize optical confinement near the surface. This 

is most easily accomplished by utilizing the tendency for a high refractive index material to 

attract light. By drawing more energy toward the surface we increase the field in the 

numerator of Eq. 2.1 relative to the energy in the denominator, and thereby increase Ropt. A 

practical system would be a high index layer on a glass substrate. A high index balloon 

represents a simpler structure. The way in which the balloon optics enhances bio-sensing (i.e. 

Ropt) may be understood best by going back to the quantum analog.  

Figure 2.1 illustrates the radial part of the potential diagram of a balloon mentioned in 

Eq.1.1. The ‘fracture’ in the centripetal potential at R represents the contribution of the 

balloon skin index enabling a local minimum. By viewing the magnified insert of this notch 

of width t, one can hardly resist thinking of this problem as one of confinement in a finite 

potential well centered at r = R. With this inspiration we shift our attention to this well 



 - 8 - 

through the coordinated transformation ξ = r – R. The propagation constant in the skin 

0n k
Layer

 is composed of two components; a radial component kξ  and a tangential component 

kφ;  2 2 2
0(n k )  = k +k  

Layer ξ φ . The angular momentum quantization of the orbiting photon 

constrains kφ ; 2 2 ( 1) /k l l Rφ = + . Beyond this kξ may be evaluated approximately by 

considering it to be the result of motion in a finite potential well of depth ( )2 2 2
0 Layer Outk n n−  

where nLayer  and nOut are the refractive indices of the layer and the medium outside, 

respectably. We can define a relative index as the ratio of the two; n relative Layer outn n= . This 

ratio that folds in to it all the refractive index parameters is the measure of contrast between 

the layer and its surroundings. As stated before the field confinement depends on that 

contrast. This problem requires matching boundary conditions from which kξ  may be found 

from the transcendental equation (see appendix A equation A.51), 

( )2
max

1
tan( ) 1

relative

z z z
n

= −  (2.2) 

where z = kξt/2, and zmax is the value of z as the effective energy climbs to the top of the 

potential well. 

( )
2

2 2 2
max 1

2 Relative

t
z k nφ

� �= −� �
� �

 (2.3) 

the result for z from equation 2.2 defines the effective energy (equation A.34 in the 

appendix) and the wavefunction, (equations A.41 and A.45) as illustrated in the insert in 

figure 2.1.  
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As one can see the photon has considerable probability of being found in the 

classically forbidden regions (i.e. beyond the boundary of the well).  The effect of reducing 

the width of the well is shown in figure 2.2.  

 
Fig 2.2 Field distribution for two well widths. The shaded area 

represents the evanescent field as it extends beyond the well 

boundary.  

The single change in well width, from 800nm to 100nm, in the figure produces two 

kinds of changes. First the effective energy is increased, and second, the probability of 

 

Fig. 2.1 Effective potential vs. 

radial distance for a 

spherical balloon 100µµµµm in 

radius and having a wall 

thickness t. The balloon of 

refractive index n is filled 

with and surrounded by air. 
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finding a photon outside the well is preferred. Both of these tendencies are persistently 

followed with shrinking the width as illustrated by figure 2.3. The pronounced spread in the 

wavefunction at 25nm is reminiscent of a slow exponential decay as the effective energy 

approach the top of the well. Recall the Quantum-Analog Schrödinger equation  

 '' eff effVψ ψ� 	= − −
 �� , (2.4) 

it is apparent that as eff� approach effV  the coefficient on the right moves toward zero, and the 

solution ~ 
1/ 2[ ]eff effVe ξ− −� ; a slow decay should be evident.    

 It should be noted that the “ground state” cannot be pushed out of the well by 

reduction in width. This is a characteristic of the finite potential well. At most one can push 

the state closer to the top by reducing the width, however its ground state remains for any 

width. This sort of effect falls in to the realm of a new area of research known as nano-optics. 

Layers such as those which will yield our best bio-sensor sensitivity will be “sub-

wavelength”.    

 

Figure 2.3 Intensity distributions near the skin of �-balloons having different 
thicknesses. A particle landing on the surface of a thinner layer would be subject to a 
much greater field causing it to be more strongly polarized and subsequently 
promoting a larger shift of resonance frequency.  (Parameters: nLayer = 1.6, nOut = 1, R 
= 100�m, l=683). 
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However, an undesirable effect gradually emerges as we look for enhancement from 

the layer. Looking back at Eq. 2.1, one can see that even though the field at the boundary 

increases (the numerator), the integral over the volume in the denominator increases even 

more, which pulls the ratio down. In conclusion, the greatest ratio would be somewhere 

between the two extremes.  

In order to compute equation 2.1 for the balloon configuration one can divide the 

integral in the denominator in to its three parts (inside the balloon, in the layer and outside) 

and evaluate each separately with the proper index of refraction. Considering that the integral 

over the spherical harmonic in the denominator is 1, the resulting shift is given by,  
2 2

2 2 2
0 0

/

tan( )
 sec ( ) 2  

ll

Layer
Layer Out e

Y R

z
n t z n l

z

αω
ω ε ε

−∂� � =� �
� 	� � + +� �


. (2.5) 

(note that details of the derivation of equation 2.5 can be found in the appendix, equation 

A.65)   

 

Equation 2.5 provides a great deal of physical insight into the major components that affect 

the resonance shift. Focusing on the denominator, one can see that there are two major 

components to it. The first is associated directly with the layer thickness while the second is 

related to the characteristic length of the evanescent field. The factor of two in the second 

term is due to the integration of the two evanescent field regions to the sides of the layer (i.e. 

inside and outside the balloon).  

To evaluate the enhancement of the shifts for the micro-balloon above that of the 

solid sphere of the same size, requires only that we divide equation 2.5 by equation 1.4;     

2 2
Layer Out

2 2 2
Layer Out

( - )R
 = 

tan
 sec 2  

Layer

e
Solid

n n
z

n t z n l
z

ω
ω
ω

ω

∂� �
� �
� � =

∂� � � 	+ +� � � � � 
 �

E  (2.6) 

 
 
where (nm = nOut). We can use this equation to scan through different layer thicknesses to see 

which would most enhance the shift. Figure 2.4 shows the enhancement curves of the balloon 

in air and water.  
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Looking at the figure one can see that the optimal enhancement for the balloon in 

water occurs for a larger layer thickness in comparison with a balloon surrounded by air. In 

addition, the enhancement in water although significant, is considerably smaller. This is 

understandable since the reduced dielectric contrast in water leads to a correspondingly 

reduced confinement. Such intuitive notions are more readily obtained by avoiding the 

transcendental equation (Eq 2.2). Indeed, approximate analytical solution can be obtained for 

asymptotic limits. 

We wish to be able to obtain a physical understanding that would enable us to 

estimate at what film thickness the enhancement (Eq. 2.7) is optimal. One can see that the 

numerator remains constant while varying the film thickness. On the other hand, each of the 

two portions of the denominator varies significantly for different layer thickness. This 

competing relationship builds up to asymptotes that would guide us in this respect. A linear 

approximation can be made to the evanescent length for small / et l , 1 2 2( 1) / 2e relativel k n tφ
− ≈ − . 

This can be utilized to construct an asymptotic equation for the enhancement in this range. 

On the other hand, at large / et l  the enhancement is controlled by  

 
Figure 2.4 Enhancement curves of the balloon in air and water with the corresponding 

evanescent field lengths. 
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the first term in the denominator as such an asymptote can be constructed so that, with the 

appropriate constants, one can use the inverse t decay behavior to obtain the second 

asymptote. The trigonometric part in Eq. 2.6 can be estimated to be π in the region of interest 

of about 200nm 
2 2 2

0 2

( 1)( - )
  

4
Layer Out

Out

l l n n
asymptote t

n R

+
= , for 1

e

t
l

<<  (2.7) 

2 2

2

( - ) 1
  Layer Out

Layer

n n R
asymptote

n tπ+∞ = ,        for 1
e

t
l

>>  (2.8) 

Equating the two and solving for t yields an approximation to the maximum enhancement 

point (to about 10%). In figure 2.5 the enhancement plot of a polystyrene (n = 1.6) balloon in 

air with two asymptotes. One can see that the two asymptotes intersect above the maximum 

enhancement.  
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Figure 2.5 enhancement curve of polystyrene in air with the asymptotes described in Eq 2.7 

and 2.8. One can see that the intersection of the two asymptotes is approximately above the 

maximum enhancement.  
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Note on the higher order modes 

Previously we only considered the enhancement of a first order radial mode, however 

other modes will certainly appear at larger thickness. It would be no leap of faith to imagine 

that higher modes would have different enhancement factors. Consequently, each mode 

would be affected differently by adsorption which would lead to an ensemble of shifts. This 

can potentially be used as a molecular ruler5. It should not come as a surprise that the 

variation in the shift’s magnitude for different resonances would be one of the signatures of 

the coated spheres (chapter 3)7.  

 

In this chapter we covered the theoretical framework for enhancement of the WGM 

sensor. In order to simplify the analysis at an early stage of this developing research we 

assumed symmetry of media around the layer (the balloon). In water such symmetry may be 

realized in the form of a layer supported by an amorphous substrate having the refractive 

index of water. Several such materials are available in the form of fluorinated polymers8. One 

may even be able to pull the refractive index of the substrate below that of water. This 

reverse symmetry can potentially have even greater sensitivity9. A less exotic solution would 

be to support the layer with fused silica. Highly purified silica is available in optical fibers, 

and these can be melted to form a sphere10. A modified analysis is required to deal with this 

asymmetric dielectric configuration (i.e. silica, layer, water). However, the basic principle of 

layering for optimal sensing still holds true. In what follows we will describe our 

experimental approach, and present preliminary data.      
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C h a p t e r  3   

E x p e r i m e n t a l  r e s u l t s   
 

So far, the theory motivating our surface enhancement scheme has been based on a 

symmetric dielectric index profile ([nout, nlayer, nout]). In water such symmetry may be realized 

in the form of a layer supported by an amorphous substrate having the refractive index of 

water. As mentioned before, fluorinated polymers are one of several types of materials that 

may be employed8. A less exotic solution would be to support the layer with fused silica. 

Consequently, to preserve the layer index contrast to its surroundings a material with a 

refractive index higher than glass (>1.46) must be utilized. Here we found polystyrene (n = 

1.6) to be the best candidate for preliminary experiments because of its optical characteristics 

and ease of use. In addition, a still higher refractive index layer (n = 2) was tested (Ta2O5) for 

the detection of changes in the refractive index of the surrounding aqueous medium outside.     

 

3.1 - Making the polystyrene coated spheres  

In order to fabricate polystyrene layered 

microspheres a simple protocol was developed. 

First, silica microspheres were made by melting 

the tip of an optical fiber to an approximate 

diameter of 400�m (figure 3.1a). The spheres 

were cleaned using Piranha solution (which 

hydrolyzes the surface) and then sonicated in 

deionized (DI) water. The sphere was 

subsequently dipped in di-phenyl-methyl-

 400�m 

125�m 

a b c 

Figure 3.1- (a) typical dimensions for 
fused silica sphere used. (b) The 
residue effect at the tip of the sphere. 
(c) Uniform coating after annealing.   
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chloro-silane (CH3Si(C6H5)2Cl) and sonicated in methanol. This silane agent is used in order 

to better anchor the polystyrene coating to the silica surface (see figure 3.2). The silanol 

groups on the surface covalently link to silane groups by eliminating hydrogen chloride 

therebye extending the Si-O-Si network. After the methanol was evaporated the treated 

sphere was dipped into a polystyrene solution (5.3%). The solution was formed by dissolving 

polystyrene in xylenes. The two phenyl groups attached to the silane are said to interact with 

the exposed phenyls of the polystyrene (Figure 3.2c).  

All of the above steps were conducted with the stem of the sphere upwards ensuring 

axial symmetry in the drying process. However one can imagine that the bottom half of the 

sphere has accumulated more styrene as the solvent was evaporating (figure 3.1b). In order to 

redistribute the styrene and create a uniform thin film on the surface the spheres were 

annealed.      

 
In the second phase of the fabrication the spheres were oriented with their stem down 

and placed in an evacuation oven. This process included gradual, slow, heating while 

nitrogen was pumped into the oven in cycles. The reason for introducing nitrogen 

periodically was to minimize the presence of oxygen while annealing the styrene. After 15 

minutes at 160oC the temperature was slowly brought down to room temperature. The oven 

pressure was raised back to 1 atmosphere (760 torr) after being sustained at about 100 torr for 



 - 17 - 

the total duration of the annealing process. By annealing with the stem down, the styrene 

should be drawn downwards and cover the entire sphere (figure 3.1c). In addition to 

redistributing the layer, the annealing process is an important step to remove all excess 

trapped solvent (xylenes) in the styrene layer. The coated spheres were stored in a sealed 

container to minimize contamination.  

In order to measure the coating thickness of the polystyrene film a scanning electron 

microscope (SEM) and an atomic forced microscope (AFM) were used. Figure 3.3a shows an 

8�m AFM scan of one edge of a polystyrene film that was scratched through to allow for 

thickness measurement. The rectangular box in the figure represents the area that was used in 

figure 3.3c for step height measurement. The reason for the peak at the center of figure 3.3c 

can be more clearly described in figure 3.3b where a SEM image shows lips on either side of 

a scratch. The examined film thickness shown in figure 3.3c is ~300nm.  
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3.2 - Experimental setup  

For these experiments we employed the typical detection scheme11 with slight 

modifications. Looking at figure 3.4a-e one can see the various components used. A pigtailed 

distributed feedback laser (DFB) was mounted on a rotating table to enable polarization 

angle selection (Figure 3.4b). The laser beam was set to propagate through a single mode 

optical fiber (SMF28E) which was terminated at an InGaAs detector. 15cm before the 

detector, the fiber’s polymer coating was stripped off and the silica fiber was pulled over a 

butane flame. As the fiber diameter narrows down from 125�m to about 5�m more of the 

field is exposed to the outside, enabling coupling. The sphere was positioned in close 

proximity to the tapered region of the fiber. In order to mount the spheres a three dimensional 

manipulation stage was used (figure 3.4d). In order to conduct the experiments in aqueous 

media the fiber was passed through slits in opposing walls of a polystyrene cuvette. The 

solution does not spill through the slits due to surface tension. In order to ensure proper 

mixing of the solution a magnetic stir bar was placed inside the cell and stirred using another 

magnet turning below it (figure 3.4e).  

The photo detector (figure 3.4c) which was connected through a DAQ board to a 

computer recorded the intensity of the laser light coming out of the fiber. If the laser was 

tuned to a resonance wavelength the intensity at the end of the fiber would be lower than that 

which is not in resonance. By scanning through wavelengths we can detect the resonance as a 

dip in the transmitted intensity.  To do so the current source of the DFB laser was modulated 

using a 10Hz saw-tooth signal producing a 0.2nm scan range at around 1.3�m. As analytes 

are introduced to the cell they interact with the evanescent field on the surface of the sphere 

which leads to a shift in resonance wavelength and the corresponding dips. The computer 

begins a data acquisition cycle by detecting a TTL pulse from the external signal generator, 

and detects the position of the resonant dip using a parabolic fit. The position of the dip is 

plotted in real-time (e.g. figure 3.6)  
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Figure 3.4 (a) experimental setup wide angle view. (b) Laser mounted on rotational stage for 
polarization selection. (c) The end on the fiber facing the photo detector. (d) Closer view 
including the reaction cell, sphere positioning arm, microscope and fiber. (e) Pulled fiber 
passing through a slit in the reaction cell while a sphere is mounted from the top. A magnetic 
bead inside the cell is rotating with the stirrer.   

 

 

3.3 - Protein adsorption– BSA  

Proteins serve many important functions in our bodies. For example, the interaction 

between proteins play a role in virus detection. As such, it is a vital step for any biosensor to 

be able to detect protein adsorption. Here we choose a commonly used ‘bench mark’ protein; 

Bovine Serum Albumin (BSA).  

To understand whether our idea concerning enhancement is sound we proceeded to a 

fiducial experiment. The common method of treating the regular silica spheres for adsorption 

of BSA is by applying 3-aminopropyltrimethoxysilane (APTMS) onto the surface. At pH 7.4 

this surface is positively charged while the BSA has a net negative charge enabling 

electrostatic attraction. The experimental results agreed with theory in the published 

literature12. 
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In order to focus on the effects of the polystyrene layer we treated the surface 

differently. The isoelectric point (pI) of a protein is defined as the pH where the net charge 

on the protein is zero. The pI of BSA is 4.7. We can make the net charge to be positive by 

bringing the medium pH below 

4.7. Here we conducted the 

experiment at pH 4.5. In order to 

make the surface of the 

polystyrene negatively charged we 

can simply sulfonate the exposed 

aromatic rings (see figure 3.5). To 

do so, a coated sphere was dipped 

in sulfuric acid for ~1 second and 

washed in water.  

 

Figure 3.6 shows the normalized wavelength shift due to BSA adsorption on to a 

~300nm thick polystyrene layer on a silica sphere having radius of 250�m. After a stable 

baseline was established 7�l of 50mM BSA was injected into 693�l of buffer solution with 

 
Figure 3.5 – at pH 4.5 the sulfonated polystyrene and 

BSA have opposite charges, enabling electrostatic 

attraction. 
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Figure 3.6 – shift due to adsorption of BSA on to polystyrene coated silica spheres13. 
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pH of 4.5 (at about the 53rd second) to make a final concentration of ~500�M. One can see 

that at first there are two parallel trace lines (at 0 and .5 vertical) this represents two separate 

resonances. But after the 58th second the two meet each other. This can be better understood 

by looking at figure 3.7. Here one can see that the two dips (resonances) are in fact merging 

or overlapping. This peculiar behavior is opposite to what is expected from a non-layered 

sphere, where all the dips shift together at about the same rate. The reason for the different 

behavior is that due to the redistribution of the field in the layer-sphere dielectric profile 

different modes are sustained with varying intensity at the surface of interaction (i.e. the 

adsorption site). Consequently their shifts would differ.  

For an uncoated sphere of the same radius as the layered sphere (250�m), we would 

have expected a shift (����) of 10-5, which is 40% of what we found for the coated sphere 

case. We conclude that we have observed an enhancement of ~250%13.  

 

spectrum shift with BSA adsorption
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Figure 3.7 – spectrum change while BSA adsorbs to the polystyrene surface 
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3.4 - Index of refraction detection  

Another ‘bench mark’ for a sensor is its ability to detect changes in the index of 

refraction of the surrounding medium. In the spirit of equation 1.3 each polarizable molecule, 

within the evanescent field in the surrounding medium contributes to a shift in frequency of 

the associated resonance. For a regular silica sphere the wavelength shift due to a slight 

change of refractive index mn� can be expressed as14 

( )
( )3/ 22 2 2

m m

s m

n n

n n R

λλ
λ π

∆ =
−

�
,  (3.1) 

To test for enhancement for this case, we compared the response of a bare sphere to that of a 

layered sphere. Accordingly we added to 1000�l DI water 3 consecutive injections of 20�l of 

5M NaCl and recorded the shift. First we obtained the data for a bare sphere (� in figure 

3.8). In the second set we used spheres that were coated with a 160nm thick Tantalum 

Pentoxide (Ta2O5) layer. Due to the complexity of the procedure of applying such a layer the 

preparation was done by a specialist coating company (Evaporated Coatings). The resulting 

shift due to added NaCl for Ta2O5 vs SiO2 spheres 
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Figure 3.8 fractional resonance shift due to NaCl addition 
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shifts can be seen in figure 3.8 (�). This data clearly shows an enhancement at each 

concentration by a factor of two.    

 

In this chapter we demonstrated the enhancement of resonance shift for adsorption 

and index of refraction change. With adsorption of bio-molecules on the surface of 

polystyrene on top of a silica substrate we found that the shift is about 2 and a half times the 

norm. In addition, for detection of changes to the media refractive index we established that 

the shift is double in magnitude from a homogenous sphere.  

The aforementioned enhancements are clear but considerably lower than what is 

theoretically predicted for a 1st order mode of a dielectrically symmetric balloon (see figure 

2.4). Although theory is in the works for explaining this disparity, it is likely due to two 

major differences in circumstances. First, the experimental microsphere is not dielectrically 

symmetric. Second, the polystyrene to silica refractive index contrast is lower than 

polystyrene to water. This implies that the field is probably shifted inward, away from the 

water. This effect should lead to smaller enhancement. In addition, it is likely that we have 

excited a mode other then a ‘pure’ first order mode.  
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C o n c l u s i o n   
 

Although a significant enhancement is seen in our measurements it is smaller than 

theory predicts. This disparity may be due to several factors that are not included in our 

model. All of these are associated with the difference between the dielectrically symmetric 

balloon model and the asymmetry produced by layering silica. A detailed model which goes 

beyond our “micro-balloon” is in the works.  

Further refinement is needed in the experimental system. Presumably, optical losses 

due to external absorption by water at 1300nm need to be significantly reduced by moving 

our experiment to shorter wavelengths. A new DFB laser which operates as 780nm is being 

constructed as I write this.    
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A p p e n d i x  A  

C o m p l e t e  d e r i v a t i o n  o f  t h e  l a y e r  b a l l o o n  

q u a n t u m  a n a l o g  ( T E  m o d e )   

 

Part 1 (on the path to describe the field distribution in the vicinity of the layer)   

Let us start from Maxwell’s equations for a non-magnetic homogenous dielectric medium 

with no sources. 

0∇ ⋅ =E  (Gauss' law for electricity) (A.1) 

0∇ ⋅ =B  (Gauss' law for magnetism) (A.2) 

t
∂∇× = −
∂
BE  (Faraday's law of induction) (A.3) 

0 t
µ ε ∂∇× =

∂
EB

 
(Ampere's law) (A.4) 

We can take the curl on both sides of equation A.3 to get  

 
t

∂∇×∇× = − ∇×
∂

E B  (A.5) 

By using equation A.4 for the ∇×B  equation A.5 becomes 

 0t t
µ ε∂ ∂∇×∇× = −

∂ ∂
EE . (A.6) 
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the product of 0µ ε  is independent of both time and space, and ∇×∇× E  can be expanded, 

which allows us to write equation A.6 as   

 
2

2
0 2( )

t
µ ε ∂∇ ∇ ⋅ − ∇ = −

∂
EE E . (A.7) 

the lack of excess charge nullifies ∇ ⋅E  (equation A.1), and reduces equation A.7 to a wave 

equation;  

 
2

2
0 2 0

t
µ ε ∂∇ − =

∂
EE .  (A.8) 

Our system is time harmonic at all positions r,  

 ( ) j te ω=E E r  (A.9) 

By taking the second derivative of E with respect to time we can write Eq. A.8 as  

 2 2
0( ) ( ) 0µ εω∇ + =E r E r  (A.10) 

we can now define two important parameters: index of refraction n and the wave number k, 

 
0

n
ε
ε

= , (A.11) 

 0k n nk
c
ω= = . (A.12) 

where k0 is the wave number in free space ( i.e. 0k
c
ω= ).  

Substituting this in to Eq. A.10 we get  

 2 2 2
0( ) ( ) 0n k∇ + =E r E r  (A.13) 

the vector Helmholtz equation.  



 - 30 - 

Up to now we did not force any coordinate system on the above equations. But since we are 

interested in a spherical structure, we choose spherical polar coordinates (i.e. r, ����)   

 
2 2

2
2 2

ˆ1 L
r

r r r
∂∇ = −
∂

 (A.14) 

with the angular momentum operator L̂ described as    

 L̂ j= − ×∇r  (A.15) 

Together equations A.13, A.14 and A.15 gives  

 
2 2

2 2
02 2

ˆ1
( ) ( ) ( ) 0

L
r n k

r r r
∂ − + =
∂

E r E r E r . (A.16) 

The angular momentum operator follows the well known commutation relationship such that  

 2ˆ ˆ[ , ] 0L L =  (A.17) 

Because of its vector form Eq. A.16 is difficult to solve. However, one of its two solutions 

can be constructed intuitively. Eq. A.17 suggests a trick, by setting the vector field E to be 

the angular momentum L̂   operating on a scalar function ψ ,  

 L̂ψ=E . (A.18) 

Equation A.16 can be written as  

 
2 2

2 2
02 2

ˆ1ˆ[ ( ) ( ) ( )] 0
L

L r n k
r r r

ψ ψ ψ∂ − + =
∂

r r r . (A.19) 

Because the angular momentum is not zero for any of the cases we are interested in, the 

scalar expression being operated on in equation A.19 must be zero,  

 
2 2

2 2
02 2

ˆ
[ ( )] [ ( )] [ ( )] 0

L
r r n k r

r r
ψ ψ ψ∂ − + =

∂
r r r . (A.20) 
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Since the refractive index will be spherically symmetric in our case, and is linear, the wave 

function ( )ψ r  can be separated into radial and angular parts,  

 ( ) ( ) ( , )lmr Yψ ψ θ φ=r  (A.21) 

Where ( , )lmY θ φ  are spherical harmonics associated with a polar angle (θ ) and the azimuthal   

angle (φ ).  

Equation A.21 is simplified by defining a new scalar function, 

 ( ) ( )r r r rψ ψ= . (A.22) 

such that  

 
2

2 2
, , 0 ,2 2

( 1)
( ) ( , ) ( ) ( , ) ( ) ( , ) 0r l m r l m r l m

l l
r Y r Y n k r Y

r r
ψ θ φ ψ θ φ ψ θ φ∂ +− + =

∂
 (A.23) 

Again, we can pull out the angular part as we would never see it go to zero  

 
2

2 2
02 2

( 1)
( ) ( ) ( ) 0r r r

l l
r r n k r

r r
ψ ψ ψ∂ +− + =

∂
 (A.24) 

which is now in a complete scalar form. Rewriting this in to a more familiar form   

 
2

2 2
02 2

( 1)
( ) ( ) 0r r

l l
r n k r

r r
ψ ψ∂ +� �+ − =� �∂ � �

 (A.25) 

Here we can do a neat trick. Let’s add and subtract 2
0k from the second term and write it in 

the following way,  

 
2

2 2 2
0 02 2

( 1)
( ) (1 ) ( ) 0r r

l l
r k n k r

r r
ψ ψ� �∂ +� �+ − − + =	 
� �∂ � �� �

. (A.26) 

Doesn’t this resemble the time independent Schrödinger equation (with 2

2
1

m =
�

)?  

 
2

2 ( ) ( ) 0r eff eff rr V r
r

ψ ψ∂
� �+ − =� �∂
�  (A.27) 
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with the effective energy 2
0eff k=�  and the effective potential  

 ( )2 2
0 2

( 1)
1eff

l l
V k n

r
+= − + . (A.28) 

It is no leap of imagination to think of a one dimensional finite well with the same governing 

equation. Taking the case of a single particle bouncing between the two walls we can 

describe the probability function in terms of position �r (figure A.1).    

 

 

For simplicity we can shift the coordinates to the center of the well.  

 r Rξ = −  (A.29) 

 

Figure A.1: the radial part of the potential in a balloon. The change in the index of 
refraction creates the notch around position R. The potential falls like the square of 1/r.   
In the insert- illustration of the distribution of the probability function ��and its 
exponential decay outside of the layer. 
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In addition, we should verify that the derivative is sound.   

 
d d d d
dr d dr d
ψ ψ ξ ψ

ξ ξ
= =  (A.30) 

 
2

2

d d d d d d
dr d d d dr d

ψ ψ ξ ψ
ξ ξ ξ ξ

� � � �= =	 
 	 

� � � �

 (A.31) 

And now we have the function in terms of �  

 ( )
2

2 0eff eff

d
V

d
ψ ξ ψ
ξ

� �+ − =� ��  (A.32) 

Above is a close up of the layer where k is the propagation vector inside the film. We can 

take k apart in to its orthogonal components (in spherical coordinates) where   

 2 2 2k k kξ φ= +  (A.33) 

or  

 2 2 2 2
0k n k kξ φ= +  (A.34) 

The � component of k is simply the centripetal part at the center of the layer    

 

Figure A.2 the different components of vector k inside the layer (top view). 
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( )2

2

1l l
k

Rφ
+

=  (A.35) 

also for resonance we have to complete an integer number of wavelengths so:  

 
2

c

kφ
π

λ
=  (A.36) 

 

When looking at the function inside the layer we can identify a solution to the differential 

equation coming from      

 
( )2 2 2

0 2

1
 

Layer

l l
k k n

Rξ
+

= −  (A.37) 

in the form of  

 Layer
jk

e ξξψ ±≈  (A.38) 

When looking at the function outside the layer (although in the symmetric case either side is 

fine we will focus on 
2
tξ > )  

 
( )2 2

0 2

1
eff eff Out

l l
V k n

R
ε

+
− = −  (A.39) 

Outside the potential is greater then the energy. One can anticipate a negative value under the 

root. To simplify, we would just flip the terms and take j out.  

 
( )2 2 2

0 2

1
Out

l l
k n

R
κ

+
= − +  (A.40) 

 jj
Out e eκξ κξψ ± −≈   (A.41) 
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(We do not take the + sign to be a feasible option as it is not physical: the field can not 

become greater as you move away from the source). 

 

To comply with the boundary condition the solution inside and outside must agree.  

 Layer Outψ ψ=  (A.42) 

Also, the derivative on both sides of the boundary must be the same to allow for continuity.  

 Layer Out
d d

d d

ψ ψ
ξ ξ

=  (A.43) 

That is at ±t/2 the logarithmic derivative ought to be equal.    

 
1 1Layer Out

Layer Out

d d
d d

ψ ψ
ψ ξ ψ ξ

=  (A.44) 

evaluating � at both sides of the boundary yields 

 ( )cosjk
Layer Ae A kξξ

ξψ ξ±≈ ≈  (A.45) 

 
( )

( ) ( )
/ 2

/ 2 / 2

sin1
tan

cos
Layer

t
Layer t t

Ak kd
k k

d A k
ξ ξ

ξ ξ
ξ

ξψ
ξ

ψ ξ ξ
−

≈ = − (A.46) 

 
/ 2

1
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2
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Layer t

d t
k k

d ξ ξ

ψ
ψ ξ

� �≈ − 	 

� �

 (A.47) 

for the inside. And for the outside part 

 Out Be κξψ −≈  (A.48) 

 
1 Out

Out

d Be
d Be

κξ

κξ
ψ κ κ

ψ ξ

−

−

−≈ = −  (A.49) 
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So, at the surface 

 tan
2
t

k kξ ξ κ� �− = −	 

� �

 (A.50) 

Or  

 tan
2
t

k
kξ

ξ

κ� �=	 

� �

 (A.51) 

in order to have similar terms on the left and right side of equation A.51 we can add t/2 to 

both the numerator and denominator on the right. If one Square equation A.51 the 

exponential decay factor κ can be easily replaced by using equation A.40 to  

 

2 2
2 2 2 2

0
2

2 2
2 2

2 2tan
2

2 2

Out

t t
k n k

t
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t t
k k
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� � � �

. (A.52) 

One can go further and replace the square of k0 with the components in equation A.37  
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. (A.53) 

Rearranging the numerator we get  
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defining    
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we can rewrite equation  A.53 as 
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As a side note, like any transcendental equation the solutions cannot come in analytic form 

and requires a numerical solution. But a linear approximation (i.e. tan( )z z= ) can be made in 

equation A.56 enabling z to be evaluated as  
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Rewriting equations A.34 in terms of z produces  
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Plugging equation A.60 into equation A.40 we get  
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which can be simplified to be    
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By multiplying equation A.62 by (t/2)2
  it is made dimensionless 
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As � is the reciprocal of the characteristic length of the evanescent field el we get  
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As in any finite well problem the characteristic length of the evanescent field el  is a measure 

of the probability of finding a photon outside the well. Although equation A.64 cannot be 

solved without going back to the transcendental relations above, it still may provide us with 

some insight in to the distribution of the wave function and its competing parameters. By 

varying the well width (i.e. layer thickness) and its depth (i.e. index contrast) we can control 

the penetration length of the evanescent field outside. As the well width narrows z increases 

(i.e. climbs up the well) which promotes larger characteristic length. At the limit when the 

well is infinitesimally small z approach zmax and the characteristic length expands to infinity.   
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PART 2  

 (looking for enhancement) 

The method by which we sense adsorption or proximity of analytes to our system is by 

monitoring the resonance spectrum of the cavity (sphere, disk, ring or balloon). The general 

theoretical model for adsorption is built up from adsorption of a single particle at position ri. 

In its essence, the resonance shift in frequency is the interaction of the particle with the 

evanescent field at the surface relative to the total energy of the mode,  
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where ��is the polarizability of the molecule. In the spherical geometry at hand ( )0 iE r  can be 

written out in terms of its radial and angular parts such that; 
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for 2
llY  function is normalized (i.e. 2 1llY dΩ =� ), and Eq. A.67 is simplified to 
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Let us shift the coordinates back to � 
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 dr dξ=  (A.70) 
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under the conditions examined � << R,  and r2 
� R2

 and 
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The denominator D can be split in to two parts associated with the interior and exterior of the 

balloon’s skin. With the interior having refractive index nLayer and exterior nOut, the 

denominator becomes  
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Within the layer the first integral in Eq.A.72, using equation A.45 is  
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The second integral in A.72 using equation A.48 is  
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The resonant shift in A.71 after using A.73 and A.74 is  
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Dividing top and bottom by ( )2

2( )tf  we get 
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Now, let us evaluate 
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 at the boundary,  

 
( ) ( )

2 2

2 22 2
22

2

1
cos ( )cos( ) tt

t

A A
kA kf ξξ ξ

ξ
=

= = . (A.77) 

equation A.76 now becomes  
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Remember that   
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we can rewrite A.79 in terms of z  
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In chapter 1 we recalled that 
δω
ω

 for the solid sphere case (Eq.1.4),  

 ( )
2

3 2 2
0

ll

Layer Out

Y

R n n

αδω
ω ε

−
≈

−
. (A.81) 

Now we can define the enhancement as the relative shift in the layer structure to the one if a 

sphere were had been made from the same dielectric  
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Substituting in the various elements we get 
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Which finally can be written as   
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A p p e n d i x  B  

E x p e r i m e n t a l  p r o t o c o l s  a n d  t e c h n i c a l  i n f o r m a t i o n   
 

Total weight of 2.0068g gives us 5.3% Polystyrene in 40ml xylenes  
 

� Hold spheres upside down 
� 7 min piranha solution  

o 3 x Hydrogen Peroxide 
o 7 x Sulfuric Acid (concentrated) 

� ~1 min sonicated in ID water 
� Dip in Di-Phenyl-Methyl-Chloro-Silane (1 min) 
� ~1 min sonicated in Methanol 
� Dip in 5.3% Polystyrene in xylenes 
� Let hang for a few seconds (to dry out the xylenes) 
� Flip over (so that the stem is  below) 

 
Successful baking recipe: 

Time  Duration Setting Temp Comments 
0 15 min 1  a) While door is slightly open pump 

Nitrogen in. 
b) Close door and turn vacuum on. 

Bring pressure down to 15” Hg 
c) Shutdown Nitrogen and after 

pressure is down- stop vacuum. 
15 15 min 1.75 40oC  
30 15 min 2.5 65oC a) turn vacuum on 

b) pump Nitrogen in 
c) Shutdown Nitrogen and after 

pressure is down- stop vacuum 
45 85 min 3 85oC  
130 35 min 2 155oC a) turn vacuum on.  

b) pump Nitrogen in 
c) Shutdown Nitrogen and after 

pressure is down- stop vacuum 
165 15 min 2.6 145oC  
180 30 min 0 155oC a) pump Nitrogen in  

b) open door to bring temperature 
down 

210 10 0 125oC  
220   105oC  
   Room Try to bring chamber down to room 

temperature before taking out 
 
Place in a glass vessel that Nitrogen was blown into it before. 
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A p p e n d i x  C  

M a t h e m a t i c a  S c r i p t   
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SPECTROSCOPY OF PHOTONIC ATOMS: A MEANS FOR  
ULTRA-SENSITIVE SPECIFIC SENSING OF BIO-MOLECULES 
 

 STEPHEN ARNOLD and OPHIR GAATHON 
 Microparticle Photophysics Laboratory(MP3L) 
 Polytechnic University, Brooklyn, N.Y. 11201 
 
 
 
Abstract 
 
By combining bio-recognition using bio-nano-sensors with the transduction capability 
of resonant dielectric micro-cavities, we demonstrate the specific identification of 
protein and DNA. This is accomplished through the spectroscopy of a microcavity as 
molecular adsorption takes place on its functionalized surface. A surprising aspect is 
that this sensing paradigm is not only ultra-sensitive but also provides a measure of 
molecular weight and the thickness of molecular monolayers on the microcavity 
surface. 
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 1. Introduction 
 
 The specific detection and measurement of the concentration of biological entities 
(e.g. protein, DNA, virus) is important since the appearance of specific bio-molecules 
can alter our lives for better and worse An optical approach to this task is what this 
paper is all about. It fits into a new area, Bio-Photonics, for which there is much current 
activity.1 
 One must first realize that most bio-molecules (e.g. protein, DNA) fall into the 
nanoscopic realm. For example, in our blood a particular protein, Human Serum 
Albumin (HSA) is prominent. It is about 3 nm in size, however with a molecular weight 
of 66,438 (also specified as 66.438 kDa) it contains a vast multitude of vibrational 
modes, principally associated with 20 amino acids. Since virtually all protein molecules 
contain these same amino acids (constructed in different sequences), the IR spectra 
from one protein to the other are virtually the same. Biology runs itself on these 
proteins. Each of the approx. 30,000 genes within our nuclear DNA encode for a 
separate protein. They are biologically distinguishable, but optically very similar. Faced 
with this difficulty an optical specialist has to rethink the means by which to identify a 
given protein. Some years ago our laboratory came to a painful conclusion. Molecular 
spectroscopy is an unlikely candidate! 
 To understand how to proceed we attempted to learn from nature. There are all 
sorts of ways in which nature can make light, but there is no light inside our bodies. Yet 
our bodies recognize tens of thousands of different proteins well enough to enable us to 
function. Biological interaction involves multiple unique chemical bonding. Each type 
of interaction involves complementary molecular structure from all bodies involved. In 
essence it is no different then the key to lock match (but on a much smaller scale). For 
example in a sensitized person, the allergic reaction to certain toxic proteins on the 
surface of a pollen grain causes a specific antibody to engulf the invading allergen like 
a lock covering a key. This highly specific physio-chemical recognition will not occur 
with other proteins. Another example is the hybridization that occurs between 
complimentary strands of DNA. If we mimic biology, we would also sense bio-
molecules through theses “dark interactions”, rather than looking for changes in the 
molecular spectrum. The trick is to distribute a variety of distinguishable locks on 
separate transducers and sensitively determine onto which lock the key attaches.  
 As a transducer we have chosen a resonant dielectric microcavity whose state 
functions resemble those of a hydrogen atom. This “photonic atom” will be found to 
shift the frequency of its resonant modes by the surface adsorption of a few bio-
molecules.2,3 

 In what follows we first describe the photonic atom (PA) descriptively followed 
by some of its more detailed physics. Following this we discuss the sensitivity of the 
PA to molecular adsorption. Finally we describe specific detection schemes for protein 
and DNA without labels.   

 
2. Photonic Atom 
 
 Photonic Atoms are dielectric microspheres that demonstrate high Q resonances 
associated with Whispering Gallery Modes (WGMs). 
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Fig.1 Illustration of coupling of optical energy between a guided wave in an tapered optical fiber 
and a Photonic Atom mode in a microsphere.4 The vector ri points to a small nano-perturbation. 
 
A high Q resonance is one with a very narrow linewidth in frequency δf; δf = f /Q. 
From a geometrical point of view light is confined within the microsphere by total 
internal reflection (TIR) against the inner surface. As with all systems that confine light 
by TIR an exponentially decaying evanescent field extends just beyond (~200 nm) the 
sphere radius (~100µm). It is this field which allows the resonant mode to be influenced 
from the outside. Fig. 1 shows the wave point of view. When light circumnavigates the 
sphere and returns in phase the system is resonant. Here evanescent coupling to a 
guided wave in a tapered optical fiber (dia. 4 µm) stimulates the mode, leading to a dip 
in the transmission spectrum through the fiber.5 The wave circumnavigating the sphere 
is reminiscent of a de Broglie matter wave circling the electron orbit in a Bohr atom. 
Indeed the detailed description of this atomic system is similar to the description of the 
photon orbit in the dielectric sphere (Fig.1).  
 In hydrogen the electron orbits are distinguished by the parameter set ν, l, m, s 
representing the principle (radial) quantum number, the angular momentum quantum 
number, the azimuthal quantum number (z-projection of angular momentum), and the 
spin quantum number, respectively. In the photonic atom the first three are still used, 
but the spin quantum number is replaced with the polarization state of the orbit, which 
we will designate as P. As in the case of the spin, P has two values designated as TE for 
transverse electric and TM for transverse magnetic.  The simple wave depicted in Fig.1 
is transverse electric with the electric field oscillating tangent to the surface. The 
electric field of a TM resonance oscillates in the plane of the orbit. One can specifically 
select TE or TM modes by polarizing light in the coupling fiber either tangent or 
perpendicular to the surface of the microsphere, respectively. We will designate a 
particular mode by Pν

lm. The mode in Fig.1 happens to be equatorial with its angular 
momentum directed along the z-axis. For such a mode l = m. The designation for this 
particular mode is TE1

13,13. 
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  Each photonic atom mode occurs at a specific optical frequency. However, 
since these frequencies are sensitive to the circumference of the orbit even a nanoscopic 
particle adsorbed on the surface can shift this frequency. This frequency shift provides 
the transduction principle for the Photonic Atom Bio-sensor. 
 
3. Photonic Atom Physics: Hueristics 
  
 To understand the sensitivity of a Photonic Atom mode to perturbation we take a 
heuristic approach. Consider a mode in the equatorial plane (Fig.2a) and imagine that 
we add a layer of identical material to the surface of the microsphere (Fig.2b).  

 

 

 

 

(a) (b) 
 

Fig.2 (a) Photonic Atom Mode; (b) Anticipated wavelength change caused by the addition of a 
spherically symmetric layer. 
 
To maintain the same mode l must be invariant. This scales the whole problem up and 
as a consequence the wavelength within the mode is changed in proportion to the 
thickness of the layer. On this basis the fractional increase in wavelength δλ/λ will be 
approximately equal to the fractional increase in radius t/a, 
 

δλ
λ

≈ t
a

.    (1) 

Suppose now that the adsorbing material is 1.0 nanometer in thickness. For a sphere 
having a 100 µm radius, the fractional shift in wavelength according to Eqn.1 would be 
~10-5. This is smaller than the resolution of a grating spectrometer, but is a “piece of 
cake” (i.e. easy) for the microsphere as a spectrometer. The reason is that the 
resonances of a microsphere are extremely narrow. Resonances with Q’s of 107 

(linewidth of 1 part in 107) are considered “broad”.6 But such a “broad” line would shift 
100 times its linewidth for a 1.0 nm layer. For it to shift just one linewidth requires only 
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 a 10 picometer layer (i.e. one tenth the size of a hydrogen atom). So such a small 
perturbation should be easy to observe. In fact, it is not difficult to define a resonance 
position to 1/50th of a linewidth, which allows for the observation of a small fraction of 
a monolayer. 
 One should doubt Eqn.1. Although it is heuristically appealing, it is limited. After 
all, adsorbed bio-molecules most likely don’t have the same dielectric properties as the 
glass we will ultimately use for our microcavity. In addition, we have clearly simplified 
the properties of the modes. Further understanding can only be obtained from a solution 
for δλ/λ from Maxwell’s equations. 
  
4. Photonic Atom Physics 101 
 
 A meaningful attempt to obtain an exact solution to the problem of layer 
perturbation was described within the proceedings of the previous school.7  That work 
has been extended. Herein we will describe the method of calculation in brief, and 
report the major result.  
 Our approach relies on a quantum analog of the electrodynamic problem. It is our 
belief that exposure to quantum mechanics is more ubiquitous to the sciences (e.g. 
Physics, Chemistry, and Biology) than electromagnetics. So where it is possible we 
reduce the vector time-harmonic electromagnetic problem to a scalar quantum analog. 
This is not particularly difficult in the case of the spherical dielectric cavity since as we 
have already pointed out there are similarities between this problem and the atomic 
problem.  
 As a first step we must solve the source free vector Helmholtz equation,  
  

 ∇ 2E + k 2E = 0.    (2) 
 

We are particularly interested in modes for which the field and its derivative are 
continuous at the boundary, just as the wave function would be in quantum mechanics. 
Of course we would also like to reduce Eqn.1 to a scalar equation. There is a simple 
choice. We construct the field as the angular momentum operator acting on a scalar 
function, E = ˆ L ψ . Since the angular momentum operator has only angular components 
E will be tangent at the microsphere surface. With this choice for the field the problem 
of solving the vector wave equation is easily reduced to the solution of a Schrödinger-
like equation for ψr = rψ.8 The effective energy Eeff for this quantum analog is the 
square of the free space wave vector; Eeff = k0

2, and the effective potential Veff = k0
2(1-

n2) + l(l+1)/r2, where n is the radial refractive index profile, and l is the angular 
momentum quantum number of a particular mode. A layer perturbation corresponds to 
changing n2 from the surface out to a thickness t by δ(n2). The first order perturbation 
has an identical form as we are use to in quantum mechanics, 
 

δE eff ≈ ψr δVeff ψr ,    (3) 
 



- 62 - 

 where ψr is constructed from the appropriate quasi-normalized functions.9 After 
substituting for the major components in Eqn. 1 we find that the fractional perturbation 
in the effective energy is  
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where ns, and nm are the refractive indices of the sphere (silica, 1.47), and its 
environment (water, 1.33), respectively, a is the sphere radius, and L is the evanescent 

field length for grazing incidence; L = λ / 4π( ) neff
2 − nm

2( )−1/ 2
. If we allow t/L<<1 and 

the dielectric constant to be the same as the sphere, Eqn.2 reduces to δλ/ λ � t/a. Aside 
from being consistent with our heuristic thinking (Eqn.1), Eqn.2 has an interesting 
structure which allows us to anticipate a number of measurement possibilities in 
relation to bio-layers.  
 
5. Photonic Atom Sensor as a Nanoscopic Ruler 10 
 
 First it should be possible to measure not only the thickness of a nanolayer, but 
also its excess dielectric constant, simply by obtaining the wavelength shifts of two 
separate resonance in the same sphere and at the same time. This is because Eqn.2 has a 
particularly simple structure when one considers that the principle wavelength 
dependence is contained within the evanescent field length in the rightmost factor on 
the right hand side. By a judicious choice of the wavelength regions to be used, the 
leftmost factor on the right hand side can be considered relatively constant. 
Consequently, by taking a ratio of the fractional shift at one wavelength λ1 to that at a 
longer wavelength λ2, we arrive at a particularly simple expression that provides the 
design principle for this surface analysis technique. This ratio S is  
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2

≈
L1 1− e− t / L1[ ]
L 2 1− e− t / L2[ ].    (3) 

 
For an ultra thin layer (i.e t/L1, t/L2 <<1) S approaches 1, whereas for a thick layer (i.e 
t/L1, t/L2 >>1) S approaches L1 / L2, which with neff taken constant is just λ1/λ2. For our 
experiments this ratio is (760nm/1310nm) = 0.58. For these chosen wavelengths S falls 
off in an approximate exponential fashion in between the two extreme cases with a 
characteristic length of  tc = 192 nm [i.e. S � (L1/L2) + (1- L1/L2)exp(-t/tc)]. Measuring S 
therefore allows us to estimate t. With t in hand, Eqn. 2 gives the excess dielectric 
constant of the layer, δ(n2). 
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  We have performed wavelength multiplexing experiments while forming 
nano-layers on a silica microsphere surface. Light from two current tunable distributed 
feed-back (DFB) lasers with nominal wavelengths of 760 nm and 1310 nm was coupled 
to a single mode fiber (Nufern 780-HP)(Fig. 3). A portion of the fiber was tapered 
down to  
 
 

 

Fig. 3 Experimental setup for wavelength multiplexing of a micro-cavity.10  
 
3 µm diameter by acid erosion to facilitate coupling to WGMs of a silica microsphere 
approx. 350 µm in diameter.11 The microsphere and fiber were contained within a 
temperature controlled 1ml cuvette containing buffer solution and a magnetic stirrer. 
Beyond this cuvette the fiber was led to an InGaAs detector. By scanning both lasers 
with a synchronous ramp we observe that the light from each independently stimulates 
WGMs in the microsphere and gives a distinct transmission spectrum with a 
superposition of resonant dips from each. By observing which resonances disappear as 
either laser is shut off, the resonances are easily associated with the 760 nm and 1310 
nm region. In this way resonances can be identified and tracked. 
 As a test of our perturbation theory we constructed two experiments at the 
extreme limits. First we built a monolayer of a protein (Bovine Serum Albumin, BSA) 
much thinner (3nm) than the evanescent field length (~100nm).4,12 Fig.4 shows a record 
of the data in real time. The individual curves are typical, and clearly show little 
difference in the overall shift. In a separate experiment, we added an infinite layer 
thickness perturbation by increasing the refractive index of the surrounding medium 
(water) by adding NaCl. In each case the shifts of resonances centered about two 
wavelengths, λ1 = 760 nm and λ2 = 1310 nm were measured. These shift are plotted 
against each other in Fig.5. In a separate experiment, we added an infinite layer 
thickness perturbation by increasing the refractive index of the surrounding medium 
(water) by adding NaCl. In each case the shifts of resonances centered about two 
wavelengths, λ1 = 760 nm and λ2 = 1310 nm were measured. These shift are plotted 
against each other in Fig.4. For BSA adsorption S was measured to be 1.04, which 
compares well with the L/t <<1 limit for Eqn.3 of 1.00. For the NaCl experiment, S 
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 was measured to be 0.54 whereas the L/t >> 1 limit of Eqn.3 corresponds to S = 
0.58. This good agreement tests the wavelength dependence of our shift equation and 
allows the technique to be used as a nanoscopic ruler. 
 

 
Fig. 4 Resonances shifts at two wavelength  [λ1 = 760 nm (thin) and λ2 = 1310 nm 
(bold)] due to BSA adsorption.10 

 
Fig. 5 The plot of δλ /λ( )760 nm

against δλ /λ( )1310 nm
for BSA layer and NaCl addition. The 

lines are the result of layer perturbation theory. 10 
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 In addition upon the determination of t using the multiplexing experiment and 
Eqn.3, the result can be funneled back into Eqn.2 for the determination of the δ(n2) 
perturbation. For the NaCl solutions the relationship between concentration and the 
refractive index increment is well documented. By using these tables, the δn arrived at 
from salt shift measurements enabled us to back out the salt concentration. 
Concentrations measured in this way were found to be within 3% of the injected 
concentrations. The challenge is to use this approach to determine the thickness and δn 
of a dilute soft condensed layer of intermediate thickness. 
 Poly-L-lysine (PLL) is a polymer that sticks to silica at biological pH (7.2), and 
takes on an extreme positive charge in water. Consequently PLL is favored as a means 
for adsorbing bio-molecules with negative charge. However the physical properties of 
PLL are difficult to measure since it deposits in a thin layer with an extremely low 
contrast in a water environment. We used a PLL solution from Sigma (P8920, 0.1% 
w/v in water, the average molecular weigh 225,000 g/mol), which is commonly used in 
biology to treat glass slides. To generate a layer, 40 µl of the PLL solution was injected 
into 900 µl of PBS surrounding the microsphere. We observed a shift toward longer 
wavelength that saturated in the usual Langmuir fashion13 for monolayer formation. 
However, the fractional shift at saturation ~2 x 10-6 was well below anything we had 
seen previously. The slope S based on the average of a number of experiments was 
0.82. The slope fed back into Eqn. 3 gives a thickness of approximately 110 nm, which 
is reasonable considering the molecular structure of the polymer. After substituting this 
thickness into Eqn. 2, we determined the water excess increment in optical dielectric 

constant to be 0033.0)n( 2 =δ . Consequently, 0012.0n =δ , which is indeed small.  
 
6. Protein Molecular Weight Sensitivity of a Photonic Atom Sensor14  
 
 Water-soluble protein molecules are 1-10 nm in size, considerable less than the 
length of the evanescent field. With this restricted dimension Eqn.2 can be reduced to 
an approximate form 
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2
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� 

� 
� 
�     (4) 

 
Eqn.4 suggests that we can normalize data for equatorial radius variations from one 
microsphere to another by plotting the shift as (a.δλ/λ).  We see from Eqn.4 that this 
normalized shift is simply proportional to the thickness of the layer. This suggests that 
protein with differing molecular weight may give different normalized shifts. Based on 
this reasoning we carried out a number of experiments in which we adsorbed protein 
molecules with molecular weights ranging over more than two orders of magnitude. For 
each molecule a saturation shift was established by varying the concentration in 
solution until the saturated shift plateaus. Fig. 6 shows each of these so-called 
isotherms. Indeed the larger molecular weight species show the largest overall shifts. 
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Fig.6 Adsorption isotherms of protein: �-Lactalbumin, BSA and Thyroglobulin with molecular 
weight of 14.3 kDa, 66 kDa and 670 kDa respectively.  The dotted lines are to guide your eyes.14 

 
Fig.7 is a compendium of the isotherms plateaus for various molecular weights MW. 
As one can see there is a definite power law behavior. The shift is proportional to 
MW1/3. Considering that globular protein have almost identical densities and dielectric 
properties due to their common components (i.e. amino acids), δ(n2) can be expected to 

 
Fig.7 Resonance wavelength shift vs. MW. Form lowest to highest: Insulin, �-Lactalbumin, BSA, 
γ-Globulin, and Thyroglobulin. The line was drawn manually to fit the data points. Inset: 
(δλ/λ)*a against MW 1/ 3.14 

 
be nearly constant at saturation. Under these circumstances t dominates the shift. With 
the protein volume proportional to the molecular weight, the thickness would be 
expected to be proportional to the cube root of the molecular wt. The small scatter of 
the points around the MW1/3 dependence is surprising considering that protein have 
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 different shapes from one to another. It may well be that protein deformation on 
adsorption plays a pivotal role in allowing this simple dependence. 
 
7. Specific Detection of Protein 12 
 
 Up until now we have considered protein adsorbed on a silica surface. There are a 
number of ways in which this can be facilitated. On means is to functionalize the silica 
surface with an agent such as 3-aminopropyltriethoxysilane (APTES). This compound 
reacts with the silanol groups on the silica surface and at biological pH leaves an 
exposed NH3

+ rug. This is ideal for a protein that acquires a negative charge at this pH; 
the charge attraction holds the protein in place. Many protein acquire a net negative 
charge. So the attachment to the surface is not specific.  
 To make the attachment specific requires the lock to key relationship that we 
spoke about earlier. A graphic example can be illustrated in the case of BSA. By 
chemically attaching biotin (vitamin H) to BSA we generate a modified protein with 
one major suitor. This so-called biotinylated BSA attaches with one of the strongest 
known physiochemical bonds to a protein known as streptavidin. Fig.8 pictorially 
shows the hypothetical configuration. 
 

 
Fig. 8. Biotinylated BSA adsorbed on a functionalized silica surface and “locked” to 
Streptavidin.   
 
 Recall that a typical BSA adsorption experiment on a NH3

+ rug is shown in 
Fig.4. This experiment was carried out at 1µΜ concentration. As the concentration is 
increased no additional shift is seen, indicating that the shift is associated with a full 
monolayer. Apparently the protein is more electrostatically interested in the surface 
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 than other BSA. The same effect occurs with BSA-biotin, however when 
streptavidin is introduced a pronounced increase in signal is registered (Fig.9). Only 
streptavidin demonstrates this effect. In addition the increase in signal associated with 
the streptavidin is only slightly smaller than the BSA signal, consistent with its slightly 
smaller molecular weight (based on 1:1 stoichiometry for the binding event.). 
 

 
Fig.9. Detection of streptavidin binding to previously surface immobilized BSA biotin.12 

 
8. Discrimination of Single Nucleotide Polymorphisms in DNA 15  
  
 In 1953 a revolution began in molecular biology with the discovery of the 
structure of DNA by Crick and Watson.16 They provided a mechanism for genetic 
replication (information transfer) and opened the door for the interpretation of 
nucleotide sequences. With the full genome sequences for a number of species revealed 
over the past few years, we are now at the beginning of a revolution in genetic analysis.  
 A major interest is in detecting single defects in DNA (a.k.a. single nucleotide 
polymorphisms, SNP). SNPs typically occur in fewer than 1 in 1000 bases and are 
being widely used to better understand disease processes, thereby paving the way for 
genetic-based diagnostics and therapeutics. Our goal in this section is to understand 
how our bio-sensor can be used to reveal an SNP. The bio-nano-probe in this case is not 
a modified protein such as biotinylated BSA, but a complimentary single strand of 
DNA. 
 Complimentarity as it is applied to DNA has to do with associations between 
individual molecules on separate strands. The molecular units, known as bases, are 
distinguished by the letters A, G, C, and T. The rules are simple: A associates with T 
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 and G associates with C. To understand whether you have a particular stand of 
DNA a compliment to that strand can be immobilized near the microsphere surface. A 
shift in the resonance frequency signals the binding event (a.k.a. hybridization).  
 Suppose a strand of DNA (a.k.a. as an oligonucleotide, abbrev. oligo), which we 
will call the target, contains 11 bases that spell out the nonsensical word 
GATAGAGTCAG. The compliment is. CTATCTCAGTC. A change in the compliment 
in the 5th letter from the left from C to A is clearly a defect in relation to the target. We 
would like to design a way to use our photonic atom biosensor in order detect this 
defect. Since one molecular defect out of eleven bases is a small difference, the target 
could partially bind to the defective strand. A means for discriminating this imposter 
from the real thing has to be invented. The solution takes advantage of the frequency 
domain nature of our photonic atom sensor. 
 Since it would be extremely difficult to generate two high Q spheres which would 
have the same resonance spectra,17 each sphere is distinguishable by the its resonant 
frequency. So the resonant frequency marks the microsphere and locates it in the 
frequency domain. Attaching a particular word of DNA to a given sphere locates that 
DNA in frequency space. If we mark one sphere (call it S1) with many duplicates of 
CTATCTCAGTC and another S2 with duplicates of CTATATCAGTC, then a target 
GATAGAGTCAG should seek out the sphere S1 preferentially. The implementation of 
this idea fits beautifully into the fiber-sphere coupling scheme since the spectrum taken 
through the fiber should reveal each sphere separately, and two spheres sitting on the 
same fiber can be bathed simultaneously in a sample of stirred fluid containing the 
target (i.e. similar to the cell in Fig.2, but with two spheres). Then it is only a matter of 
tracking the shift in the resonant dips from each as the target is adsorbed. This basic 
idea is depicted by the cartoon in Fig.10.  
 Of course, there are many details to making the Photonic Atom SNP Detector a 
reality. For one thing one has to functionalize the silica surface of the microsphere to 
adsorb the oligos of DNA. To do this Frank Vollmer attached a biotinylated dextran 
polymer to the silica surfaces of S1 and S2, and allowed both to be reacted with 
streptavidin.14 Since streptavidin has four sites for attaching biotin (Fig.8) three sites 
remained for adding biotinylated-DNA. Of course, these DNA additions must be done 
separately in order that S1 is covered with CTATCTCAGTC and S2 with 
CTATATCAGTC.  In addition there is a primary physical effect that must be verified. 
 The physical effect has to do with the independence with which the resonators can 
be stimulated. The approach to checking this is to first place one sphere in contact with 
the fiber and observe the spectrum. After this the other makes contact. Fig.11 shows the 
way in which the spectra are changed. So long as the surface of the spheres are 
separated by more than ~200 nm there is no apparent interaction. The resonances which 
appear after the first sphere touches the fiber are preserved upon contact with the 
second sphere. The second sphere, however, contributes its own resonances to the 
spectrum, as our frequency domain argument anticipated. 
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Fig.10 Two microspheres touching the same fiber and having separate words of DNA are bathed 
in fluid containing a target. If the SNP sensing idea is correct then the sphere containing the 
compliment to the target should preferentially shift its resonance (cartoon: lower figure). 
 

 
Fig.11 The spectrum after one sphere contacts an eroded optical fiber about 4µm in diameter 
(solid line), and when both spheres are in contact (dotted line).15 

 
 The results of the SNP experiment are shown in Fig.12A. As the target is injected 
into the cell the frequencies of the resonances associated with microspheres S1 and S2 
begin to change. Both show jagged fluctuations in the frequencies of approximately 
equal intensity. These fluctuations are apparently due to the pipetting process in which 
10µl of the target solution is injected into the 1 ml cell containing a buffer solution. 
Following these fluctuations the wavelength of the resonance associated with S1 shows 
a systematic red shift. Microsphere S2 shows a substantially smaller shift (less than one 
sixth).  
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Fig.12A Shift of resonances of spheres S1 and S2 following target injection. 12B Differential 
shift, (δλ)S1 -(δλ)S2.

15 

 
 The original fluctuations may be considered as a common mode noise similar to 
the sort of noise that enters the inputs of a differential amplifier. If so a simple 
subtraction between the shifts associated with the S1 signal and the S2 signal should 
cancel this common mode noise. Fig.12B shows this differential signal. Here we see the 
real time discrimination of one letter of DNA with a very large signal-to-noise ratio, 54! 
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 9. Future Directions 
 
 By reducing the microsphere radius our sensitivity will increase4 allowing us to 
see smaller and smaller fractions of a monolayer, until we may ultimately reach a single 
bio-particle. At this point it may be possible to count label-free molecules one at a time 
rather than wait for a full monolayer to form. Each step in increased wavelength will be 
directly proportional to the polarizability α��and therefore to the molecular weight. It 
may be unnecessary for molecules to land on the surface. If they simply flow through 
the evanescent field of a mode, then the frequency shift will pulse, and molecular 
counting and analysis becomes possible. Of course, there are noise problems associated 
with this idea. The molecules are under intense Brownian forces. The Brownian noise 
interval will be severely reduced if the molecule is carried by a flow. Here we require a 
flow system, in the form of a micro-fluidic channel. 
 At the same time as the flow system is assembled our tapered and tenuous fiber 
waveguide must be replaced with something more robust. Instead of employing 
lithography and micro-manufacturing techniques18 we favor supporting the tapered 
fiber with a substrate. In contrast to the aerogel supports demonstrated by the Mazur 
group for supporting nano-fibers,19 we favor a less porous material with the refractive 
index of water. Recent work at the Polytechnic20 and elsewhere on fluoro-polymers, 
have show that this moldable material is essentially non-porous, as robust as plexiglass 
(i.e. PMMA), and has the refractive index of water.  
 Fig.13 shows the micro-fluidic concept,21 
 

 
 

Fig.13 Dual-sphere sensor consists of micro-fluidic channel with tapered fiber sandwiched 
between two layers of fluoro-polymer.  Spheres are mounted on a polymer cassette while coupled 
to the fiber. Flow passes from right to left  
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