
The solid lines show the prediction from equation (J 1.1). Using this formula to fit our 

data we determine the coupling coefficient C as surprisingly large: C = 2500. W e notice 

how well our phenomenological equation predicts the actual experimental data. 

The adsorbed nanospheres produce a pronounced nonlinear a dependence of the 

wavelength shift. The theoretical explanation is more challenging as compared to 

bacterial adsorbents because of the relatively large A e = n2polystyrene - n2water = (1.592 -

1.33 ) which prohibits the use of certain theoretical approximations. The following 

analytical calculations of the pairing effect have been developed by Hai-Cang Ren. 

W e are dealing with a Mie scattering problem for which analytic techniques have not 

been well developed. The mechanisms that may contribute include: 1) the second order 

Born approximation of the mean field potential, 2) the coupling between two nanospheres 

via non-resonance modes; 3) the coupling among W G M of different azimuthal quantum 

number through the slight ellipticity of the cavity. On writing the line shift as: 

t=ItJ ^ ' Eq(JL2) 
V /linear ̂ •;>/ 

the contributions to C, according to Hai-Cang Ren's up to date analysis are summarized 

in the table below. 

Table Jl.l. Selected contributions to C 

The mechanism 

The second order in the mean 

field 

Coupling via non-resonance 

modes 

Small ellipticity 

The contribution to C 

c A £ 

^cav. — ^sol. 

C2As2 

c A f V 

3(^cav.-^o,.)2^2 
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The coefficients C,, C2 and C3 are functions of 
2tw. 

The dependence on the cavity 

radius, R, of the first and the second contributions is consistent with the observation but 

with a coefficient one order of magnitude smaller. The third contribution can be made 

closer to the observed magnitude at cost of fine tuning the R dependence of the 

eccentricity of the cavity, here S. Other effects such as weak localization might also 

contribute to the total "super" shift. There might also be a novel coupling mechanism 

involved. Another possibility is the coupling of polarized spheres through the various 

radial modes of the microsphere cavity. 

For nanospheres larger 

than 100 n m in diameter 

we also observe a 

linewidth broadening 

(fig. J 1.3). 

Figure J1.3: Linewidth 
broadening due to 
nanosphere of two different 
sizes (250 n m and 500 n m 
diameter) adsorbing to the 

microsphere cavity. 
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T h e increase of linewidth seems linear with increasing nanosphere surface density. Fig. 

JT.3 shows the linewidth spoiling for two nanosphere sizes: 2 10 n m and 500 n m 

diameter. Interestingly, the onset of a measurable pairing effect and the onset of a 

measurable linewidth broadening is coinciding for nanospheres with a diameter of 

about a quarter wavelength or larger. Both effects, the onset of non-linear "super"-

wavelength shift and the linewidth reduction, seem to m a r k the transition between the 

Rayleigh and the M i e regime. 
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J 2 - Materials and M e t h o d s in Chapter J 

Fluorescent Imaging of Nanospheres: The Zeiss Axioskop used to observe the liquid filled 

sample cell from above - was modified with an upright mounted, cooled CCD camera. A Xenon 

lamp was installed in the fluorescent port of the microscope. The filter cube of the microscope was 

equipped with excitation and emission filters as well as a beamsplitter for detection of the yellow-

green fluorescent nanospheres. The nanospheres are carboxylated, fluorescent polystyrene 

spheres (n = 1.59) with radii of a = 50 nm, 105 nm and 250 nm (Molecular Probes). The carboxyl-

groups introduce a net negative charge on each nanosphere (in neutral buffer) which is necessary 

in order to stably adsorb the polystyrene spheres to the previously plasma cleaned silica 

microsphere in PBS buffer. The cooled CCD camera images a part of the surface of the 

microsphere sensor through a standard 20x - 40x objective. Images are recorded and digitally 

stored on a PC. The saved images are later analyzed by determining the surface density of bound 

nanospheres by simple counting of the fluorescent, surface bond nanospheres. Each image 

represents an average of several exposures which makes it easy to identify the bound 

nanospheres as glowing spots on the microsphere surface. Counts range from 1 to 100 depending 

on surface density and magnification. In a typical experiment I inject 10-100 pi of a pre-diluted 

nanosphere solution in the 1 ml sample cell filled with PBS buffer. Surface adsorption of 

nanospheres is then recorded. In parallel, the computer records resonance position and linewidth 

of microsphere resonances detected in the transmission spectrum. Images are correlated with the 

shift and linewidth data using the common time stamp of each image and spectrum. 

K C o m p a r i s o n with Existing, Label-free B i o s e n s i n g 

T e c h n i q u e s 

Optical techniques for the detection of biomolecules are among the most widely used 

methods in the life sciences: more than 3000 articles have been published over the past 

12 years (Rich, 2002). Such biosensing approaches are especially useful if there is no 

need for a label on the sample analyte. Examples are the notorious surface plasmon 

130 



detectors (for example the Biacore instrument line; www.biacore.com) and other 

emerging optical biosensors (Baird, 2001). Many optical sensor technologies are still on 

the basic development level and will emerge with their specific applications in the near 

future (e.g. sensors based on porous silicon: Cunin, 2002; Li, 2003; Lin, 1997; sensors 

based on optically coated silicon: Jenison, 2001; and sensors based on optically probed 

cantilevers: Fritz, 2000). 

Labeling of the sample analyte can be impossible in some cases or it can alter the relative 

concentrations of targets originally present thus introducing a systematic error in 

comparative measurements. An optical technique for label-free molecular interaction 

analysis which has recently drawn a lot of attention is based on the optical phenomena of 

surface plasmon resonance. A light ray internally reflected in a prism excites a plasmon 

resonance in the gold film deposited on the prism. Only for a specific incidence angle of 

the prism-reflected light is there a maximum coupling to the plasmon resonance. A scan 

of the light ray for different incident angles thus identifies the plasmon resonance at a 

specific angle for which the transmission is minimal. Binding of molecules to the 

modified gold surface locally changes the refractive index which leads to a change of this 

specific plasmon resonance angle. The change of angle is proportional to the mass-

loading on the gold coated prism surface. Detection limits can reach 10 pg/mnf and have 

been reported for detection of label-free proteins (www.biacore.com). 

A similar popular biosensor uses the electrical resonance excited in a quartz crystal. Such 

a quartz crystal microbalance is sensitive to a change of mass deposited on the crystal 

surface such as described for the mass on a spring in Chapter B. When used with 

biomolecules, detection limits reach typically 50 pg/mm . 

To our knowledge, surface plasmon resonance sensors and quartz-crystal microbalances 

are the most sensitive optical biosensors without utilizing any labels. H o w does our 

technique compare with those commercially available, optimized instruments? 
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In a typical experiment, I use a glass microsphere of radius R = 50 p m to detect protein 

mass loading. Proteins have a typical excess polarizability of aex = 

4 % so x 4.3 x 10"21 cm3. In such a typical experiment w e measure the linewidth of a given 

resonance as dX = 0.66 p m corresponding to a Q of Q = 2 x IO6. Our program locates the 

position of the resonance with a parabolic m i n i m u m fit. This typically results in a 

precision of the resonance position (the m i n i m u m ) within 1/50 of the linewidth. The 

effective Qeff is thus on the order of 108. 

Our theory predicts the wavelength shift due to a single molecule binding to the equator 

of the microsphere as (Arnold, 2003): 

AX\ 

X 

aexEF 
Eq.(K.l) 

V a Jmolecule 47T£0(ns-nJR 

I can calculate the smallest fractional shift from the measured effective Q as: 

f A , 0 

X 
a eff Eq. (K.2) 

V J device 

I thus determine the detection limit in terms of smallest number of detectable protein 

molecules N o as: 

KD = 
(AX\ ,(AX\ 

2 
V J device 

X 
= 5280 Eq. (K.3) 

molecule 

The experimentally reached detection limit of this device is ~ 5000 B S A molecules. This 

is however not an ultimate limit and there is a lot of room for improvement of this 

analytic sensing platform. Using a sapphire microsphere with a refractive index of 

n = 1.7 it should be possible to decrease the microsphere radius from 50 p m d o w n to 

3.6 p m where the sapphire sphere should still be able to host high-Q resonances. Since 

the enhancement factor E F scales as the square root of microsphere radius R, the smallest 

detectable fractional shift in wavelength scales with microsphere radius R as: 

AX 

X 

1 
00-

device R 5/2 
Eq. (K.4) 
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One can use a microsphere of 3.6 p m radius and operate it at a wavelength of 400 nm. At 

this smaller wavelength one can benefit from a lower absorption by water which will 

increase the Q-factor. If it is possible to maintain the Q of the smaller, higher refractive 

index sphere at about IO7"8 we calculate a more than 5000 times increase in sensitivity: 

enough to detect a single, label-free B S A molecule in an aqueous environment. 

The following table shows how our current sensor setup compares with SPR and QCM 

devices in terms of smallest detectable protein mass-loading. 

Q C M 

SPR 

Microsphere 

Resonator 

50 pg/mm2 

lOpg/mm 

1 pg/mm 

Another advantage of our device is the possibility for miniaturization. Besides the 

sensitivity, size and geometry are important issues for any biosensor (Suzuki, 2001). 

Ideally, a biosensor would be small enough to fit inside a single eukaryotic cell which is 

several micrometers in diameter. Such a sensor could be used for single-cell gene 

expression profiling (Levsky, 2002). To reach this miniaturization goal it might be useful 

to change the detector geometry by "pig-tailing" the microsphere to the optical fiber 

(Ilchenko, 1999). 

Different geometries might also be explored to form an ionic reservoir between the silica 

surface and a tethered membrane. Such a silica-membrane sensor could be used as a 

biosensor utilizing ion-channel switches (Cornell, 1997). A hollow microsphere detector 

with a stream of analyte flushing through its interior could open up a wealth of interesting 

applications in analytical chemistry. 

Multiplexing of many microspheres to one waveguide might lead to an array type sensor 

useful for high-throughput screening of antibody-antigen interactions (de Wildt, 2000). 
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Integration of all components on a microfabricated chip will be another approach for 

miniaturization using flat waveguides coupled to disk resonators. Recently it has been 

shown that toroid microcavities on a chip can be manufactured with an ultra-high Q 

(Armani, 2003). Other examples are a polymer microring resonator fabricated by 

nanoimprint techniques (Guo, 2002; Guo 2003) and a refractive index sensor based on an 

integrated optical microcavity (Krioukov, 2002) as well a microdisks fabricated from 

indiumphosphate (Choi, 2002). A different coupling geometry between fiber and 

microsphere might also allow a smaller design. For this purpose, the microsphere could 

be "pig-tailed" to the optical fiber as mentioned before (Ilchenko, 1999). Extreme 

miniaturization using such an approach could lead to the first single cell biosensor. A 

monolithic biosensor chip would also increase robustness for use of our system as a 

small, field-able detector. Such robust detectors could find their use for water quality 

monitoring (Anderson, 2001), for applications in food analysis (Luong, 1997), for 

medical-diagnostic purposes in cancer research (Maesawa, 2003) or for viral detection 

(Cole, 1995). 

Another yet unexplored possibility of this analytic platform is the analysis of frequency 

shifts related to the two differently polarized resonant modes: TE and TM. Such a refined 

analysis will allow to detect orientation and conformational changes of surface-bound 

molecules. This is a very important analytic aspect for any label-free detection system 

and is currently investigated for e.g. surface plasmon resonance based devices (Flatmark, 

2001; Gestwicki, 2001; Ozawa, 2000; Paynter, 2002; Sota, 1998; Stokka, 2003; Zako, 

2001). By scanning over a much broader spectral width our sensor might be useful as a 

true spectrometer revealing the structure of the analyte. 

With this thesis we believe to have opened up the field of resonant biosensing. Although 

high-Q resonance of light had been studied widely this is the first demonstration of their 

use for biodetection. W G M seem the ideal choice to build what might well be the world's 

most sensitive biosensor. Applications seem plentiful not only as sensing devices but also 

as bio-optical components in computers and robots of the future. The highest sensitivity 

might allow for experiments important for emerging nanotechnologies. 
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