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Abstract:  We theoretically and experimentally analyze the biomolecule 
detection capability of the liquid core optical ring resonator (LCORR) as a 
label-free bio/chemical sensor. We first establish a simple and general linear 
relationship between the LCORR’s bulk refractive index sensitivity (BRIS) 
and its response to molecule deposition onto the surface, which enables us 
to easily characterize the LCORR sensing performance. Then, biosensing 
experiments are performed with bovine serum albumin (BSA) and LCORRs 
of various BRISs. The experimental results are in good agreement with the 
theoretical prediction. Further analysis shows that the LCORR is capable of 
detecting BSA below 10 pM with sub-picogram/mm2 mass detection limit. 
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1. Introduction  

Optical ring resonators have recently been under intensive investigation for label-free sensor 
development [1-13]. In a ring resonator, the whispering gallery modes (WGMs) form due to 
total internal reflection of the light along the curved boundary between the high and low 
refractive index (RI) media [14]. The WGM is the surface mode and has the evanescent field 
extending into the low RI medium, thus enabling interaction with the analyte near the ring 
resonator surface. The WGMs have high Q-factors, making the ring resonator equivalent to a 
few centimeters of straight waveguide of the same evanescent light fraction, despite the small 
ring size [14,15]. Therefore, as compared to waveguides, the ring resonators can potentially 
achieve higher integration density and smaller sample consumption. The liquid core optical 
ring resonator (LCORR) is a unique type of ring resonator introduced recently [8,9]. The 
LCORR utilizes a thin-walled micro-sized capillary. As illustrated in Fig. 1, the circular cross 
section of the capillary forms the ring and supports the WGM. The capillary wall is 
sufficiently thin (< 4 μm) so that the WGMs of high Q-factors (> 106) are exposed to the core 
and interact with the analyte in proximity of the capillary inner surface. The LCORR takes 
advantage of the excellent fluidic handling capabilities of the capillaries and all the photonic 
sensing merits of the ring resonators, and is a promising technology platform for the next 
generation of micro total analysis system [9].  

The LCORR, like all other ring resonator label-free sensors, essentially measures the 
WGM spectral response to the RI change near its sensing surface. The RI change can occur 
over the range either much longer or much shorter than the WGM evanescent field decay 
length [4]. The former is called bulk RI change and can be induced when the solution is 
modified [5], whereas the latter results from the deposition of molecules to the ring resonator 
surface [2,3,9]. The ring resonator sensing performance can be characterized by its bulk RI 
sensitivity (BRIS), or by the sensitivity to molecules on the sensing surface. The measurement 
of the BRIS is easy to implement and is non-invasive. Typically, it involves delivering the 
liquid of various RIs to the ring resonator and the sensing surface is subsequently regenerated 
by simply rinsing the test liquid off. Therefore, the BRIS can be used routinely for sensor 
characterization. Previously, the bulk RI detection of the LCORR has been demonstrated and 
the dependence of the BRIS on various parameters, such as the wall thickness, LCORR 
diameter, and operating wavelength, has been theoretically investigated [9]. 

In contrast, molecule surface density is quite difficult to characterize. It requires detailed 
control of the surface bio/chemical conditions for biomolecules to bind efficiently to the 
sensor surface. Furthermore, after characterization, relatively harsh chemicals are needed to 
remove those test molecules before the sensor can be used for actual biomolecule detection, 
which may lead to degraded surface, hence, deteriorated sensing performance. Consequently, 
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relating the BRIS of a ring resonator to the molecule binding sensitivity is of critical 
importance to expedite the development and characterization of ring resonator sensors. Arnold 
et al. [3] and Teraoka et al. [4] recently used the first-order perturbation theory to analyze the 
WGM spectral shift when the bulk RI changes outside a microsphere and when molecules 
bind to the sphere outer surface. Although these results provide excellent study of the 
interaction between the microsphere and the surrounding medium, they are complicated and 
may not be readily extended into the LCORR and other types of ring resonator sensors.  

In this paper, we develop a simple model to establish a relationship between the BRIS 
and the molecule binding sensitivity. It is found that the WGM spectral shift for the molecules 
attached on the surface depends linearly on the LCORR’s BRIS and the molecule density on 
the surface. We then apply this theory to actual LCORRs of various BRISs to analyze their 
biomolecule detection capability. We show that the experimental results agree well with the 
theoretical predication and that the LCORR is capable of detecting BSA below 10 pM with 
sub-pg/mm2 mass detection limit. The detection and quantification of proteolytic activities are 
also demonstrated with trypsin, which removes molecules from the surface. 

2. Theory 

The LCORR structure and the relevant parameters are given in Fig. 1. The LCORR relies on 
the light in the core for the detection of the bulk RI change and molecule binding. Therefore, 
it is intuitive to calculate the fraction of the light energy in the core and use it as a central 
parameter that connects the BRIS and molecule binding sensitivity.  

The WGM resonant wavelength, λ, can be written as: 

   ,)]1([2 3123311 ληηηηπ ⋅≈−−++⋅ lnnnR     (1) 
where η1 and η3 are the fraction of the light energy in the surrounding medium and the core, 
respectively. l is an integer related to the WGM angular momentum. Taking the derivative of 
Eq. (1), we arrive at the relation between the BRIS, S, and η3: 
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where we have used λπ /2 2Rnl = , since the predominant fraction of the light is confined in 
the LCORR wall. Note that in derivation of Eq. (2), we have ignored the redistribution of the 
light, i.e., the change of η1 and η3, when n3 changes. Although this seems to be a rough 
approximation, Eq. (2) turns out to be quite accurate, as discussed later.  

The electric field decays exponentially in the core. Therefore, η3 can be calculated as: 
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where E0 is the electric field at the LCORR inner surface and h is an arbitrary length along the 
LCORR longitudinal direction. Integration in the denominator is taken over the whole space. 
L is the light intensity decay constant and can be approximated by: 
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In Eq. (3), we assume R>>L, since R/L is about 102-103 in all LCORRs of interest. The WGM 
response to the attachment of molecules to the LCORR surface, δλ, is calculated by using the 
equation developed by Arnold et al. in Ref. [3] and by considering Eqs. (1)-(4): 
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where σp is the biomolecule surface density and αex is the excess polarizability of the 
molecule.  

Eq. (5) indicates that the WGM spectral shift for molecule attachment is linearly 
proportional to the LCORR BRIS and to the molecule surface density. In addition, the 
contribution of each molecule to the WGM shift is weighted by the LCORR BRIS. Using Eq. 
(5), the molecule detection limit, σmin, can also be deduced: 
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where Δmin is the bulk RI detection limit in units of RIU. 
To verify Eq. (2), we use the in-house simulation codes based on the three-layer Mie 

theory [8] to calculate the BRIS (Ssim) and the η’s. Table 1 compares Ssim with Sest estimated 
using Eq. (2), when bulk RI sensing occurs either in the core or outside the LCORR. The 
fraction of light is varied from less than one percent to nearly fifty percent; and Sest matches 
Ssim within a few percent. Note that Eq. (2) is also valid when η becomes 0 or 1.0, which 
corresponds to the scenario that no light or the whole ring resonator is utilized for RI sensing. 

 
Table 1. Comparison between Ssim and Sest. n2 = 1.45. 

 
λ (nm) 960.797 968.605 979.169  

η 
0.455%  

(η1) 
0.288%  

(η3) 
1.06%  
(η3) 

5.628% 
(η3) 

1.582%  
(η1) 

41.87% 
(η3) 

Ssim 
(nm/RIU) 

3.11 1.86 7.07 37.1 11.5 288 

Sest 

(nm/RIU) 3.01 1.91 7.08 37.6 10.7 283 

 
It should be emphasized that although Eq. (5) is developed under the framework of the 

LCORR, it is generally applicable to other types of ring resonator sensors, no matter whether 
inner or outer surface is used for sensing and regardless of the mode number and polarization. 
For example, for a microsphere, the BRIS for TE mode is approximately [4,5]:  
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Therefore, the WGM spectral shift in response to the molecule attachment onto the 
microsphere surface is: 
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The term in the parenthesis is the same as what Arnold et al. reported in Ref. [3]. For n1 = 
1.33 and n2 = 1.45, the factor n2/n1 will lead to a 10% difference between our results and 
Arnold’s. 

3. Experimental results 

We now utilize the theory developed in the previous section to analyze the LCORR 
biomolecule detection capability. The LCORRs are fabricated using the method described in 
Ref. [8,9]. A 980 nm tunable diode laser is coupled into the WGM of the LCORR via an 
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optical fiber taper in touch with it. The laser is scanned in wavelength and the resonant dip 
indicating the WGM spectral position is monitored at the taper output.  

First, we measure the LCORR BRIS. The LCORR is initially filled with 18-MΩ water 
and then various concentrations water-ethanol mixtures with known RI are passed 
sequentially through the LCORR. The WGM shifts to a longer wavelength in response to the 
RI increase in the core, as illustrated in the inset of Fig. 2. The sensitivity in Fig. 2 is obtained 
by calculating the slope of the WGM response to the RI change [8,9]. After the BRIS 
characterization, the LCORR is rinsed with 18-MΩ water and silanized with 1% 3-
aminpropyltriethoxysilane in water, followed by treatment of 5% glutaraldehyde for 20 
minutes and thorough rinsing with water. Finally the LCORR is filled with PBS buffer and 
ready for protein detection.  

Bovine serum albumin (BSA, molecular weight: 66 kD) prepared in the PBS buffer is 
then pumped through the LCORR. We start with the lowest concentration and gradually 
increase the BSA concentration. For each BSA concentration, the WGM spectral position 
shifts quickly to a longer wavelength and then levels off, indicating that the equilibrium is 
reached between the BSA molecules in solution and on the LCORR surface, as shown in Inset 
(B) in Fig. 2. Figure 3 plots the equilibrium WGM shift vs. BSA concentration for one of the 
LCORRs under test. With the increased BSA concentration, the equilibrium WGM shift 
increases and then becomes saturated when BSA concentration is higher than 200 nM.  

The same experiment is repeated for LCORRs of various BRISs. In Fig. 4, the saturation 
WGM shift is plotted against the LCORR BRIS. Also plotted is the theoretical curve based on 
Eq. (5) using the excess polarizability provided in Ref. [3] and assuming that the surface is 
fully covered by BSA molecules. Nearly all experimental data in Fig. 4 are very close to this 

Fig. 2. Two representative BRIS curves of the LCORRs used in experiment. 
Solid curves are linear fits. Inset (A): Response of the LCORR to various 
concentrations of water-ethanol mixtures. (B): Response of the LCORR to 
BSA binding to the surface. 
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theoretical curve, suggesting that BSA forms a very compact layer on the LCORR surface, in 
agreement with previous observations [2,3,7].  

The results obtained above provide a mechanism to estimate the LCORR biomolecule 
detection limit. It is known that the spectral resolution of the WGM detection is limited by the 
Q-factor and temperature fluctuations [9,16]. For Q ~ 106, the WGM noise caused by 
temperature fluctuations becomes a dominant factor. With a thermo-electric cooler, the WGM 
noise (3 standard deviation) on the order of 0.02 pm has been achieved [9]. Therefore, for the 
LCORR with a BRIS of 31 nm/RIU, the bulk RI detection limit is 6x10-7 RIU, which, 
according to Eq. (6), corresponds to a BSA mass detection limit of 0.5 pg/mm2. For an 
LCORR of 100 μm in diameter with the WGM extension along the LCORR of 10 μm [9], the 
minimal detectable mass is 1.5 fg. 

Fig. 3. WGM spectral shift vs.BSA concentration for the LCORR with BRIS of 31 
nm/RIU. The LCORR starts to saturate at 200 nM and the saturation WGM shift is 129 
pm. Half saturation concentration: 8 nM. Inset: log-log scale. Solid line is the linear fit 
in log-log scale. Red dot: detection limit for BSA concentration. 
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From an experimental point of view, it is also important to characterize the LCORR 
detection limit in terms of sample concentration, which, in conjunction with the molecule 
binding affinity, determines the amount of molecules bound to the 

surface: ])[/(][ BSAKBSAf d += , where f is the fraction of the sites on the surface 

occupied by BSA, [BSA] is the BSA concentration in solution, and Kd is the dissociation 
constant. In the limit of the low BSA concentration, the WGM spectral shift should have the 
following BSA concentration dependence: ])log([~)log( BSAδλ . The inset of Fig. 3 
shows the LCORR curve indeed follows this dependence. The detection limit obtained by 
extrapolation is estimated to be approximately 3 pM, reflecting the excellent detection 
capability of the LCORR. In fact, the lowest concentration used in Fig. 3 is 0.15 nM, causing 
a spectral shift of 2.5 pm, well above the LCORR detection noise level. For a comparison, 0.3 
nM avidin, a protein similar to BSA, has previously been detected with a large (2 mm 
diameter) ring resonator; the detection limit of 0.1 nM is deduced [13]. Note that the slope of 
the WGM shift curve in the inset of Fig. 3 is not unity at low BSA concentrations, reflecting 
the random adsorption of BSA molecules onto the surface, in contrast to antigen-antibody 
type binding with a defined binding ratio. 

In addition to detecting the addition of biomolecules, the LCORR is also capable of 
detecting molecules removed from the surface, which is important for measurement of 
enzyme proteolytic activities. Figure 5 shows that amino acids are cleaved from BSA on the 
LCORR surface by trypsin. Initially, a high concentration of BSA is used to ensure that the 
surface is fully covered, which is verified by the theoretical curve in Fig. 4. Upon the injection 
of trypsin, the WGM shifts to a lower wavelength, corresponding to a mass reduction on the 
surface, from which the mass removal rate or trypsin proteolytic activity can be deduced [7]. 
Figure 5 shows that 80% of BSA molecules are removed from the LCORR. The remaining 
20% will permanently remains on the LCORR surface due to the lack of available cleavage 
sites, consistent with the result obtained previously with microspheres [7]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Summary 

We have developed a simple and general formula relating the ring resonator BRIS with its 
molecule binding sensitivity. Applying this formula, we have analyzed the biomolecule 
detection capability of the LCORR. Both theoretical and experimental agree quite well. 
Furthermore, we have shown the detection limit of protein is sub-pg/mm2.  

Fig. 5. BSA molecules bind to the LCORR surface, followed by the cleavage by 
trypsin. BSA concentration: 0.1 mg/mL. Trypsin concentration: 0.1 mg/mL. Arrow 
indicates the time when trypsin is added. 
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Our work has numerous applications in development of the LCORRs and other types of 
ring resonators. It provides an easy, non-invasive, standardized way to quantitatively predict 
the ring resonators’ sensitivity to biomolecules. It becomes particularly useful when 
immobilization of biorecognition molecules with controlled density is needed, and when the 
actual molecule mass on the ring resonator surface needs to be measured. 
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