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ABSTRACT

In parallel to a stand-alone microsphere resonator and a planar ring resonator on a wafer, the liquid core optical ring
resonator (LCORR) is regarded as the third type of ring resonator that integrates microfluidics with state-of-the-art
photonics. The LCORR employs a micro-sized glass capillary with a wall thickness of a few microns. The circular cross
section of the capillary forms a ring resonator that supports the whispering gallery modes (WGMs), which has the
evanescent field in the core, allowing for repetitive interaction with the analytes carried inside the capillary. Despite the
small physical size of the LCORR and sub-nanoliter sensing volume, the effective interaction length can exceed 10 cm
due to high Q-factor (10%), significantly improving the LCORR detection limit. The LCORR is a versatile system that
exhibits excellent fluid handling capability inherent to capillaries and permits non-invasive and quantitative
measurement at any location along the capillary. Furthermore, the LCORR uses the refractive index change as a
transduction signal, which enables label-free detection. Therefore, the LCORR is a promising technology platform for
future sensitive, miniaturized, lab-on-a-chip type sensors. In this paper, we will introduce the concept of the LCORR and
present the theoretical analysis and the experimental results related to the LCORR sensor development.
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1. INTRODUCTION

1.1. Optical ring resonator biochemical sensors

Optical microring resonators are an emerging bio/chemical sensing technology that have recently been under
intensive investigation.'’ Ring resonator sensing is similar to conventional straight waveguide sensing.”®*’ We will first
briefly compare these two technologies and show the advantages of the ring resonators, and then we will introduce the
latest technological advancement — the liquid core optical ring resonator (LCORR) that integrates ring resonators with
microfluidics. Like waveguide sensors, optical ring resonators are capable of performing label-free,'™!%#16:18:19.21-28.30.32
fluorescence-labeled,?*?*** and Raman based detection.'"'” Here we focus on label-free detection protocol, as it avoids
the laborious fluorophore labeling procedures and allows for kinetic measurement of molecule interaction.

A generic label-free waveguide sensor is illustrated in Figure 1(A). Biorecognition molecules, such as antibodies,
are immobilized onto the surface of the waveguide. The evanescent field of the guided light in the waveguide extends
into the surrounding medium (e.g., water) for approximately 100 nm and interacts with the biomolecules near the
waveguide surface. A small change in refractive index near the waveguide surface when target analytes are captured
causes modifications in the optical signal (such as phase) at the output, which acts as the sensing signal. Since the
sensing signal is accumulative in nature, a longer light-analyte interaction length results in a lower detection limit. In a
waveguide sensor, however, the light passes the waveguide only once; consequently, a long (> 1 cm) waveguide may be
needed to detect trace quantities of biomolecules, significantly reducing the sensor multiplexing capability and
increasing the sample volume.***
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Figure 1: (A) An optical biosensor based on a straight waveguide. (B) An optical ring resonator in which
the WGM circulates along its surface.

In contrast, in an optical ring resonator, the light propagates in the form of whispering gallery modes (WGMs),*
which result from the total internal reflection of the light along the curved surface. The WGM is a surface mode, and it
circulates along the resonator surface and interacts repeatedly with the analytes on its surface through the WGM
evanescent field, as illustrated in Figure 1(B). As compared to a straight waveguide sensor, the effective light-analyte
interaction length of a ring resonator sensor is no longer determined by the sensor’s physical size, but rather by the
number of revolutions of the light supported by the resonator, which is characterized by the resonator quality factor, or
the Q-factor. The effective length L is related to the Q-factor by:*'**

Leff — Q_;t , (1)
27m
where A is wavelength and n is the refractive index of the ring resonator. For example, for a ring resonator with a Q-
factor of 10°, n = 1.45, and A = 980 nm, L can be as long as 10 cm. Consequently, despite the small physical size of a
resonator (50 — 200 um in diameter), a ring resonator can deliver sensing performance superior to a waveguide while

using orders of magnitude less surface area and sample volume. Furthermore, due to the small size of ring resonators,
high density sensor integration becomes possible.

Similar to an optical waveguide, the ring resonator utilizes the refractive index change to perform detection. The
WGM spectral position, i.e., resonant wavelength, A, is related to the refractive index through the resonant condition:*!
27n
A= M , Q)

m
where I is the ring outer radius, N is the effective refractive index experienced by the WGM, and mis an integer that
describes the WGM angular momentum. Eq. (2) shows that resonance occurs for wavelengths when an integer multiple
of that wavelength matches the circumference. Ng changes when the RI near the ring resonator surface is modified due to
the capture of target molecules on the surface, which in turn leads to a shift in the WGM spectral position, as illustrated
in Figure 2. Thus, by directly or indirectly monitoring the WGM spectral shift, it is possible to obtain both quantitative
and kinetic information about the binding of molecules near the surface. This label-free sensing mechanism allows for
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Figure 2: (A) WGM shifts from A, to A, in response to the binding of the target molecules to the LCORR interior
surface. (B) Sensorgram is obtained by recording the WGM spectral position as a function of time.



the detection of biomolecules in their natural form without the laborious fluorescent labeling process, as well as the
detection of non-fluorescent chemical molecules.

Optical ring resonator sensors have been implemented in two configurations: dielectric discrete microspheres
(including its variations such as microtoroids) '*' and planar rings formed on a substrate.”””>” The Q-factor in excess of
10° and approximately 10* have been achieved for microspheres and planar rings immersed in water,
respectively.”'>*'*** The sensitivity of 30 nm/RIU (refractive index units) and 140 nm/RIU has been achieved for
microspheres and planar rings, leading to a detection limit of 107 RIU and 10” RIU.*'*?® It is also shown that the
detection limit for biomolecules deposited on the sensor surface can be as low as 1-10 pg/mm®.>>'* Recently, it was
demonstrated that the microsphere based ring resonator can ultimately detect small molecules down to the subfemtomole
level."® Therefore, the optical microring resonator is a competitive sensing technology that rivals that based on surface
plasmon resonance (SPR) based label-free sensors.***

An ideal optical ring resonator sensor not only requires high sensitivity and low detection limit, but also needs
effective integration at both the photonics level and the fluidics level, which are responsible for delivering light and
fluidic samples to the sensing head, respectively. Successful photonics and fluidics incorporation should enable sensor
miniaturization, facilitate automated and multiplexed detection, and minimize the sample volume, as has been
demonstrated in lab-on-a-chip or micro total analysis system design.**** Meanwhile, such incorporation should also help
improve detection limit through the techniques such as noise reduction and sample pre-treatment.

While microsphere based sensors exhibit high Q-factor and low detection limit, fluidic integration, mass production,
and reproducibility of a microsphere are extremely difficult. On the other hand, planar ring resonators can be mass-
produced relatively easily through lithographic or imprint technologies, but they suffer from relatively low Q-factor (10*
in water**2%), which may adversely impact their sensing performance. Furthermore, incorporation of fluidics is non-
trivial. Generally, the fluidics needs to be fabricated separately and then mounted onto ring resonator sensors through

multiple steps, which may present tremendous design challenges.

1.2. Liquid coreoptical ring resonator (L CORR) biochemical sensors

In this article, we introduce a novel ring resonator sensing platform centered upon the “liquid core optical ring
resonator” (LCORR) that integrates the state-of-the-art photonics with microfluidics.”®>’ The concept of the LCORR is
illustrated in Figure 3. The LCORR employs a micro-sized glass capillary whose circular cross section forms ring
resonators, as illustrated in Figure 3(A). The sample is passed through the LCORR capillary while waveguides arranged
perpendicularly to the capillaries deliver light, which couples into the LCORR wall evanescently. The LCORR relies on
the presence of the evanescent field of the WGM in the core to interact with the sample passing through the capillary, as
detailed in Figure 3(B). The LCORR architecture achieves dual use of the capillary as a sensor head and as a fluidic
channel. Therefore, the LCORR retains the meritorious high sensitivity and small sample volume of ring resonators
while exhibiting the excellent fluid handling capability inherent to capillaries.*®

As shown in Figure 3, the LCORR design is scalable to a 2-dimensional array for high throughput detection with
each capillary being patterned with different biorecognition molecules.”®' It is estimated that ideally 10* to 10* sensor
heads (ring resonators) can be packed onto a 1 cm’ chip. This arrangement enables multi-analyte detection and
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Figure 3: Conceptual illustration of the LCORR sensor array. (A) Top view. Each ring resonator can be immobilized
with different biorecognition molecules for multiple-analyte detection. (B) Cross section view. The detection light
(WGM) circulates along the ring resonator, monitors the inner surface of the capillary, and reports in real time the
binding of target analytes.



minimizes false positives by building in redundancies. Furthermore, for a 1 cm long, 50 um diameter LCORR, the total
sample volume is only 20 nano-liters, with an average of 200 pico-liters (pL) for each ring on the LCORR, assuming that
each ring is 100 um apart along the LCORR.

Like other ring resonator sensors, the LCORR is capable of performing label-free measurements. The binding of
biomolecules to the LCORR interior surface or the bulk solution change results in a modification in the effective
refractive index experienced by the WGM, leading to a change in the WGM spectral position, as indicated in Eq. (2). In
Table 1, we compare the three ring resonator sensing technologies. The details of the LCORR will be elaborated in the
following sections.

Table 1: Performance comparison among three ring resonator technologies

i -
T = ‘ ®
Microsphere Planar ring resonator L CORR
Sensitivity 26 nm/RIU 140 nm/RIU *° > 30 nm/RIU **
Q-factor (in water) ~5x10° ' ~12x10" *° ~1x10°°%%
Bulk Refractive index change | 5, 7 pyy 12 1.8 x 10° RIU % 10°6 RIU 325556
detection limit
Protein detection limit (pg/mm?) 1-10 > 250 10
Photonics integration Very challenging Easy Easy (under investigation)
. Dy . . Good (needs to be Excellent
Microfluidics integration Very challenging fabricated separately) (inherent to capillary)
. . Good — excellent
Mass-production Very difficult Excellent (under investigation)
. . . Excellent
Multiplexed detection Very challenging Excellent (under investigation)

Since the introduction of the LCORR in early 2006, we have investigated various aspects of the LCORR. We have
performed systematical analysis on the LCORR sensitivity under various conditions such as wall thickness, size,
operating wavelength, polarization, mode number, etc. Additionally, we have analyzed the noise in determination of the
LCORR detection limit and the WGM propagation in the LCORR in determination of the WGM spread or ring density
along the LCORR. On the experimental side, we have successfully fabricated the LCORR and characterized its
sensitivity to the bulk refractive index change in the core. Furthermore, we have demonstrated the feasibility of using the
LCORR for biomolecule detection. Coupling between the LCORR and the planar waveguide structures and LCORR-
based electro-osmotic flow have also been achieved for future photonic and fluidic integration. In the following sections,
theoretical analysis of the LCORR will be presented, followed by the experimental investigations.

2. THEORETICAL ANALYSIS

2.1. General formalism
The WGM of the LCORR can fully be described using Mie theory by considering a three-layered radial structure, as
shown in Figure 4(A).****** The radial distribution of the WGM electrical field of an LCORR is governed by:

A“‘Jm(km,lnlr) (r < rl)
En (N =1BIn(kynr)+CHY(k,nr)  (R<r<n),
DHlfri)(km,lnSr) (r Zrz)

where Jy, and H, are the mth Bessel function and the mth Hankel function of the first kind, respectively. The refractive
index of the core, wall, and the surrounding medium is described by N, n,, and nz. The terms r; and r, represent the inner
and outer radius of the LCORR, respectively, and kK, is the amplitude of the wave vector in vacuum for the Ith order

2r
radial WGM. The resonant wavelength /’imJ = —— can be obtained numerically from Eq. (3) by matching the boundary
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Figure 4: (A) Three-layer model. (B) Four-layer model.

conditions at r; and r,. The WGM has two polarization states with the electric field being along or perpendicular to the
LCORR longitudinal direction. Using this three-layer model, the WGM spectral position can be obtained as a function of
wall thickness, the LCORR size, operating wavelength, etc., which allows us to calculate the LCORR sensitivity to bulk
refractive index change and to optimize the LCORR design.

For the LCORR with the radius much larger than wavelength, the WGM spectral position can be approximated by
Eq. (2), in which N is determined by the refractive index of the core (sample), capillary wall, and the surrounding
medium (e.g., air).>* Eq. (2) significantly simplifies the relationship among the WGM spectral position, refractive index,
and the LCORR radius, based on which many theoretical analyses can be performed in a very straightforward and
insightful manner.

The three-layer model can further be generalized to include the analyte layer on the inner LCORR wall, as shown in
Figure 4(B). In this method, we can use the layer thickness to quantify the amount of biomolecules on the surface and the
refractive index to describe different types of biomolecules. This approach would provide a model for the spectral shift
due to analyte deposition on the inner surface. Following this, we can determine the shift due to a single analyte
molecule, assuming that each molecule is independent and non-interacting, and contributes equally to the spectral shift.
Note that this model can easily be extended to include more analyte layers to describe more complicated bio-detection

processes.

2.2. Bulk refractive index sensitivity

Label-free optical sensors essentially detect the refractive index change induced by the changes in bulk solution or
by the binding of the molecules to the sensor surface. Sensitivity in units of nm/RIU (or, more generally, transduction
signal per RIU) provides a measure to characterize the sensor spectral response to the refractive index change, which
allows us to compare the performance of sensors based on different types of ring resonators, or even different sensing
technologies. Here we use an in-house analysis tool based on Eq. (3) to systematically investigate the LCORR response
to bulk refractive index change in the core under various conditions such as wall thickness, operating wavelength,
LCORR size, WGM mode number, and WGM polarization.

Sensitivity of the LCORR will depend highly on the LCORR wall thickness. A thinner wall results in a larger
evanescent field, which enables higher light-matter interaction, and thus higher sensitivity. This phenomenon is
illustrated in Figure 5, in which the light intensity distribution for an LCORR with 2 and 3 um wall thickness is plotted
using Eq. (3) and clearly shows that an LCORR with a 2 um wall has a higher evanescent field in the core. The
sensitivity impact of the wall thickness is presented in Figure 6. The sensitivity for a 3 um wall is only 3 nm/RIU, while
for a 2 um wall, the sensitivity is as high as 32 nm/RIU. For comparison, the sensitivity for the planar ring resonator of
120 um in diameter and the 2™ order radial mode (I = 2) in a 100 um diameter microsphere is approximately 140
nm/RIU and 30 nm/RIU, respectively, where in the microsphere case only the outer surface is used for sensing and in the
planar ring resonator case the inner, outer, and top surfaces are all utilized for sensing.'**®

For a given geometry of the LCORR, sensitivity is also determined by the operating wavelength. Figure 6 compares
the sensitivity when the operating wavelength is increased from 980 nm to 1550 nm, and shows significant increase in
sensitivity at 1550 nm, as compared to 980 nm. This is related to the deeper penetration depth of the evanescent field
when the wavelength becomes longer. For example, for the same 3 um wall, the sensitivity is 46 nm/RIU at 1550 nm,



whereas it is only 3 nm/RIU at 980 nm. When the wall thickness becomes 2.3 um (not shown in Figure 6), the sensitivity
is approximately 150 nm/RIU, which is nearly the same as the sensitivity obtained in a planar ring resonator with the
similar diameter (120 um) and the same operating wavelength. The WGM polarization also has an effect on sensitivity.
For example, the 2™ order WGM with a wall thickness of 3.5 pum has a sensitivity of 19 nm/RIU at 1550 nm when the
polarization is along the LCORR axis (see Figure 6) in comparison with 23.5 nm/RIU sensitivity for the same LCORR
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Figure 5: Intensity distribution of the WGMs (m= 442, | = 2). Wall thickness = 3 um (A) and 2.0 um (B). OD = 100
um. Refractive index: n; = 1.33, n,= 1.45, n3= 1.0. A ~ 980 nm. Polarization is along the LCORR longitudinal direction.
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Figure 6: WGM response to the refractive index change in the core for varying wall thicknesses at 980 nm
(A) and 1550 nm (B). The slope represents the LCORR refractive index sensitivity. Refractive index: n; =
1.33, n, = 1.45, n; = 1.0. Polarization is along the LCORR longitudinal direction. OD = 100 pm.
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when the polarization perpendicular to the LCORR axis.

Sensitivity is further dependent upon the radial mode order. The higher order radial mode has a higher evanescent
field in the core of the LCORR, resulting in higher light-matter interaction. Figure 7 shows a 2" and 4™ radial mode for
the same LCORR. Calculations reveal that the 4™ order mode has a sensitivity of 60 nm/RIU, compared to the 3 nm/RIU
of the 2™ order mode. Note that this trend is consistent with the conventional ring resonators where higher order modes
have more evanescent field available for sensing.*'*** However, one trade-off of the high sensitivity is that the high
amount of light intensity in the core results in a Q-factor degradation from light absorption and scattering, which may
deteriorate the overall sensing performance.

Finally, the sensitivity is related to the LCORR size. Figure 8(A) shows the sensitivity dependence upon outer
diameter while the thickness of the wall is held constant at 4 um. As the graph shows, the sensitivity increases with the
increased LCORR diameter, in sharp contrast to the conventional ring resonators such as microspheres where the bulk
refractive index sensitivity is inversely proportional to the ring size.*'> This phenomenon can be explained by Figure
8(B), which shows the evanescent intensity at the inner surface of the LCORR for diameters of 60 um and 100 um. The
LCORR with the larger diameter has a stronger evanescent field at the inner surface, thus increasing the light-matter
interaction and raising the sensitivity. Another way to account for this is to treat the LCORR as a bent waveguide. Due to
bending, the light is redistributed along the radial direction, with more light being outside the LCORR and less inside the
core, as compared to the straight waveguide case.®* Therefore, a smaller diameter results in a smaller fraction of light in
the core, as shown in Figure 9. By the same token, in the limit of infinitely large diameter, the fraction of the light in the



core, and thus the sensitivity, should approach that of a straight waveguide, as shown by the dashed line in Figure 9.
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Figure 9: Fraction of the 4™ order WGM in the core as a function of the LCORR diameter. Dashed line shows the

value in the limit of straight slab waveguide of 2 m in width. Refractive index: n;=1.33, n,= 1.45, ;= 1.0. A ~

980 nm. Wall thickness: 2 um. Polarization is along the LCORR longitudinal direction.

2.3. Temperatureinduced noise
Temperature has significant impact on the performance of label-free optical sensors. For an LCORR, it is critical to
precisely determine its WGM spectral position, as it is directly related to the LCORR detection limit. However, the
temperature fluctuations deteriorate the LCORR sensing capability by adding noise to the WGM spectral position.**
Recalling Eq. (2), we have
Al or 1 g 1
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where T is temperature of the LCORR. Eq. (5) can be rewritten in a more explicit form:
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where o = 1/r 0r/0T is the LCORR thermal expansion coefficient and Kyaiicore) = O1/OT is the thermo-optic coefficient for
the LCORR wall (core). The first term on the right side of Eq. (6) is the noise due to thermal expansion, and the second
and the third term represent the respective noise induced by temperature induced refractive index change in the wall and
core. For a thick-walled LCORR, the amount of the light in the core is negligible. Therefore, the thermal noise is mainly
determined by the first two terms on the right side of Eq. (6), which leads to a temperature dependent WGM shift of
approximately 8 pm/K at 1550 nm, as shown in Figure 10. When the LCORR wall becomes thinner, the evanescent field
of the WGM in the core, and hence the third term on the right side of Eq. (6), can not be ignored. Since the thermo-optic
coefficient for the core, which is typically water (or other organic solutions), is negative and large in magnitude in
comparison with that for the wall,**** the thermal noise is subdued, as demonstrated in Figure 10 with the 3.5 um thick
wall. The simulation in Figure 10 further shows that at certain wall thickness, the water effect will completely
counterbalance the thermal noise induced by the wall, leading to elimination of the thermal noise to the first order.

7.5 um wall

3.5 wm wall

WGM spectral shift (pm)
S

2.6 um wall

00 02 04 06 08 10
AT (K)

Figure 10: Simulation of the WGM spectral response to temperature change. The LCORR is made of fused silica and

filled with water. OD = 100 um; o(wall) = 5x107 K™'; (wall) = 6.4x10° K''; w(core) = -1x10* K™'. Refractive index: n;

=1.33; n, = 1.45; n; = 1. Wavelength: 1550 nm. Wall thickness is labeled on the figure. Zero thermal sensitivity is

achieved when the LCORR wall thickness is 2.6 um. Polarization is along the LCORR longitudinal direction.

2.4. Pressureinduced noise

The WGM spectral position of an LCORR may potentially be susceptible to the variation in the differential pressure
between the liquid in the core and the surrounding medium (e.g., atmosphere), as illustrated in Figure 11. The pressure
induced WGM change can be expressed as:

M _A 1 AP

, (7
A r t E
where E is the LCORR Young’s modulus. For fused silica used in LCORRs, E = 7x10'° Pa. For an LCORR with r = 100
um and t =2 pum, Eq. (7) becomes:

A—j =~10°AP®Pa). (8)

Generally, the Q-factor for an LCORR is on the order of 10°. In order to keep the pressure induced noise small in
comparison with the spectral resolution set by the WGM spectral linewidth (or the Q-factor), restrictions on the external
pressure that pushes the liquid sample through the LCORR and on the flow rate may need to be imposed, especially
when mechanical pumps such as peristaltic pumps are used. For example, if the Q-factor is 10° and if we assume that the
spectral resolution is one hundredth of the WGM spectral linewidth, then the variation in differential pressure should be
kept below 10 Pa.



Figure 11: LCORR radius, r, changes under differential pressure (AP). t: LCORR thickness.

2.5. Mode extension

The WGM extension along the LCORR axis is important in determining the separation needed between two
adjacent ring resonators on the LCORR to avoid any overlap of their respective modes. Unlike microspheres or planar
ring resonators on a substrate, in which the curved surface or top/bottom edges defines the mode extension, the LCORR
has no confinement along its longitudinal axis (z-direction). Therefore, intuitively, the WGM would spread along this
direction indefinitely. It is not the case, however, in a cylindrical ring resonator. In fact, the propagation of the light in an
LCORR (or, more generally, a cylindrical ring resonator) can be described using a longitudinal phased array,”® as
illustrated in Figure 12(A), where each element in the array is driven by the external source through the coupling
waveguide and emits the coherent light with the fixed phase. Assuming that E(z,x) is the electric field distribution along
the LCORR axis (z-direction) at a distance of x away from the waveguide coupling point where the light is fed into the
resonator, we have:

Ezx=Y rezx-3-L). ©
J=0

where L=2zr is the round trip distance, where I is the ring resonator radius. y describes the electric field attenuation in
one round trip and is related to the Q-factor through Q = 2nn/aA, where o, = (1-7?)/L. e describes the propagation of the
electric field of each individual element in the array, and can be approximated by a Gaussian beam:

&z = exp(-—Z Yexpl—jkx— jk—Z
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where W, is the half-width of the Gaussian beam. W(X) = Wo[1+(x/x0)*]">, Xo = TWo /A, R(X) = X+Xo/x. k=2mn/A, A is

wavelength in vacuum, and n is the refractive index of the LCORR. Figure 12(B) shows the light intensity distribution at

three different locations along the ring resonator circumference. It can be seen that most of the light is confined to within

a 100 um segment along the longitudinal direction of the cylinder due to the interference among the light from the
consecutive input through the waveguide.

These results obtained here are of significance in a number of LCORR applications. For example, based on Figure

12(B), we know that the LCORR spatial resolution along its axis is on the order of 10 wm, which is important in LCORR

capillary electrophoresis and chromatography for high resolution on-column detection.” Additionally, the sample
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Figure 12: (A) Longitudinal phased array used to simulate the propagation of the WGM in an LCORR. (B) Normalized light
intensity distribution along z-direction (LCORR axis direction). Curve 1, 2, and 3 are taken at three different locations along
the LCORR circumference. Wy = 5 im, A =980 nm, n = 1.45, r=50 um, Q = 10°. Fraction of light between -50 um and 50 um
is 94%, 92.5%, and 90% for curve 1, 2, and 3, respectively.



detection volume on the order of 100 pL can also be deduced. Finally, the cross-talk between the adjacent ring resonators
can be significantly reduced, if the separation of these resonators is larger than 100 pm.

3. EXPERIMENTAL INVESTIGATIONS

3.1. LCORR fabrication
The LCORRs are fabricated by rapidly pulling a glass tube while heating the center section, as illustrated in Figure
13(A). The heat can be provided by a heating coil, a flame, or a CO, laser. The foundation of capillary pulling is mass

conservation, i.e.,*®
R = (R =)’V =2[R' = (R—t)’N,, (1)

where Ry, to, and V¢ are the original outer radius, wall thickness, and feed-in speed, respectively. Ry, t;, and V,, are the
final outer radius, wall thickness, and pulling speed, respectively. If we assume that there is no surface tension induced

capillary collapse involved, the capillary aspect ratio, i.€., 77 = R/t should remain constant. Therefore, by controlling

the ratio between the feed-in and pulling speeds, we are able to control the final size of the LCORR and its wall
thickness.

4) Laser Plastic enclosure

Figure 13: (A) Schematic of LCORR pulling station. (B) SEM image of a portion of the LCORR cross
section with OD = 100 um. Note that to take the image, the LCORR is broken at the sensing region,
mounted in UV curable glue, and then polished.

In practice, a certain degree of collapsing may occur due to glass surface tension, as reported in the literature on
capillary pulling,®®”" leading to a thicker wall, i.e., a lower 1 value than the initial value. The collapsing effect can be
mitigated by using a higher pulling speed and/or lower heating temperature. After systematic investigation in pulling
parameters, and quality check of the final size and the wall thickness using an optical microscope, we found that the
original 1) can well be maintained after pulling. In fact, over 95% of the original 1| was reported in a previous study.*®

In our experiment, we start with a glass tube with OD = 1.2 mm, ID = 0.9 mm, and n = 4. To increase 1, we pre-
etch the glass tubes from outside to reduce the wall thickness by placing them in a hydrofluoric acid (HF) bath. Although
pre-etching takes nearly 1.5 hours, tens of glass tubes can be batch-processed simultaneously and stored for later use.
After pre-etching, the wall thickness can be reduced down to 75 pum, hence n = 7. After pulling, the LCORR OD
becomes 100 um, and wall thickness is approximately 7-8 pm.

To further reduce the wall thickness to below 4 um, a diluted concentration of HF (<1%) is pumped through the
LCORR to slightly etch the LCORR interior wall. This etching process, as detailed in Ref. (15, 50), is well controlled
and takes approximately 20-60 minutes. When the desired wall thickness is reached, pure water is pumped through the
LCORR to terminate the etching process. An SEM image of the final LCORR is shown in Figure 13(B).

One apparent concern of fabricating LCORRs with such a high aspect ratio is mechanical robustness. However, high
aspect ratio capillaries have been fabricated previously with no reported mechanical fragility.”* Furthermore, we have
conducted a number of experiments with LCORRs that have wall thickness of around 2-4 um. All the LCORRs have
demonstrated high mechanical integrity and can even sustain high pressure when fluid is conducted via a mechanical
pump.

Further improvement can be made on our current setup. First, it is highly desirable to directly obtain a wall thickness

of 2-4 um without time-consuming HF post-etching, which may also degrade the Q-factor due to the surface roughness
introduced during the etching process. To achieve further reduction in the wall thickness to the preform, more HF pre-



etching may be needed. Second, while our current setup can produce LCORRs of fairly uniform size, a laser micrometer
can be implemented, as shown in Figure 13(A), to characterize the LCORR size in-situ and in real-time, which will
provide feedback for a better quality control in LCORR fabrication. It is expected that our system will produce LCORRs
of tens of centimeters in length with uniform quality, which can further be diced into shorter pieces for sensor arrays.

3.2. Experimental setup

The setup for LCORR sensor characterization is illustrated in Figure 14. The sample is driven into the LCORR with
a peristaltic pump. Light from a tunable laser diode (external cavity laser from New Focus or DFB laser from JDSU) is
coupled into the WGM through the evanescent coupling by an optical fiber taper or a waveguide in contact with the
LCORR exterior surface. The tunable laser periodically scans across a wavelength range of about 100 pm while Detector
#1 at the output of the waveguide or fiber taper measures the optical power. As shown in Figure 13(D), when the laser
wavelength matches the WGM resonant condition, the light couples into the ring resonator and causes the measured
transmission power to drop, leaving a spectral dip at Detector #1. In the meantime, the light coupled into the LCORR is
scattered off the LCORR surface and can be detected as a spectral peak with a detector placed above the LCORR
(Detector #2). Both of the measured signals can be used to indicate the WGM spectral position. The first scheme
(Detector #1) is easy to implement and the second scheme (Detector #2) is more suitable when multiple LCORRs are
used for high-throughput analysis. The WGM shifts in response to the refractive index change near the LCORR interior
surface resulting from the capture of target molecules on the inner LCORR surface. A data acquisition card is used in
conjunction with a computer to record the signal from the detector. The sensorgram can subsequently be obtained when
the WGM position is plotted as a function of time, as shown in Figure 2. The advantage of this approach is that it is
direct and simple to implement. It has a large dynamic range (limited only by the laser scanning range) and signal
linearity. Additionally, it can handle multiple ring resonator sensors, as each ring resonator may not have exactly the
same WGM position. The drawback is the data acquisition rate, as a large set of data needs to be acquired and saved. In
our experiment, up to 10 Hz of scanning rate is used. Although the current scanning rate may go even higher, it is
adequate for most of applications in bio/chemical sensing.
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Figure 14: (A) Experimental setup. (B) A picture of the LCORR in touch with an optical fiber taper. (C)
Details of the WGM detection. (D) Signals from Detector #1 and #2 to indicate the WGM spectral position.

An alternative and indirect approach, as illustrated in Figure 15, can also be exploited by fixing the laser spectral
position to match half of the peak WGM intensity, and then monitoring the laser transmission intensity.”*** A similar
detection scheme has also been employed in surface plasmon resonance imaging.” The advantage is the data acquisition
speed. The main disadvantage includes low dynamic range and susceptibility to laser intensity fluctuation. Furthermore,
it may not be suitable to handle multiple rings when the WGM of each resonator is not at the same spectral location.
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3.3. Bulk refractive index characterization

To characterize the LCORR response to the bulk refractive index change, various concentrations of ethanol-water
mixture with well-characterized refractive index are passed through the LCORR,"*™ while the WGM is monitored.
Figure 16(A) shows the sensorgram when the ethanol-water mixture is pumped through the LCORR initially filled with
water (n=1.33), followed by the rinsing with pure water. A sensitivity of 20 nm/RIU can be calculated when the WGM
shift is plotted against the refractive index change. In Ref. (52), we have achieved a sensitivity in excess of 30 nm/RIU,
on par with that obtained in a microsphere of the similar diameter.

The refractive index detection limit (DL) can be estimated by:
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Figure 16: (A) Sensorgram of the WGM response to various concentrations of ethanol. Ethanol concentrations (v/v)
are labeled in the figure. (B) LCORR sensitivity curve obtained with a linear fit of the data. Wavelength = 980 nm.

DL=¢6/S (12

where J is the system spectral resolution in units of pm, which determines the system spectral resolution. S is the
LCORR sensitivity in units of nm/RIU. § is mainly determined by two factors, i.e., the LCORR thermal noise and the
WGM spectral linewidth. As discussed previously, the LCORR is inevitably influenced by the temperature fluctuations,
as nearly all other refractive index sensors. In Figure 17(A), we experimentally characterize the LCORR response to the
temperature and show that the WGM of the thin-walled LCORR (4 um wall thickness) drifts at a rate of approximately 5
pm/K. This rate is lower than that for the thick-walled LCORR due to the water effects, as discussed in Section 2.3. A
thinner wall will lead to an even smaller thermal drift rate. To stabilize the temperature, the LCORR is placed on the top
of a thermo-electric cooler with a thermistor feedback loop, both of which are connected to a temperature controller (ILX
Lightwave 5910). Figure 17(B) shows that the standard deviation of the thermal noise, &, is 0.0048 pm, which results in
a spectral resolution better than 0.02 pm (30).

The Q-factor of the LCORR ranges from 5x10° to 2x10° and is mainly limited by the roughness on the LCORR
inner surface due to HF etching. Assuming that Q = 10° and that we are capable of detecting a spectral change of one
fiftieth of the WGM linewidth,” we arrive at the spectral resolution of 0.02 and 0.03 pm for 980 nm and 1550 nm,
respectively. As a result, d can conservatively be chosen to be 0.04 pm in Eq. (12). Furthermore, given that S = 30
nm/RIU, we can achieve a refractive index detection limit better than 2x10°® RIU in the LCORR.
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It should be noted that although the LCORR sensitivity is nearly five times less than that in planar ring resonators
and a few hundred times lower than that demonstrated in SPR based sensors,”**** the LCORR has the same or even
better refractive index detection limit than the other two types of sensors due to its excellent spectral resolution. In planar
ring resonator and SPR sensors, the Q-factor, which is approximately 10* and 10, respectively, is the dominant factor that
limits the sensor detection limit. In addition, since a significant portion of the light in SPR is in the surrounding medium
(water), the temperature induced fluctuation in the water refractive index will ultimately set the detection limit in SPR
sensors. Considering that thermo-optic coefficient of water is -1x10™/K,* a temperature stability of 0.01 K results in a
refractive index detection limit of 10° RIU. In an LCORR, as shown earlier, water counteracts the temperature induced
fluctuations in the WGM spectral position and both the Q-factor and temperature stability play a nearly equal role.
Therefore, an excessive increase in the Q-factor may not yield significant improvement in the detection limit.

One method to further lower the detection limit is to implement a reference channel as shown in Figure 18.
Common-mode noise such as non-specific binding of molecules and temperature fluctuations can be factored out.
Another method is to increase the sensor sensitivity by pushing more light into the core to increase the light-matter
interaction. Further reduction in the wall thickness and/or implementation of certain type of photonic structures such as
concentric rings **>”7" may be foreseeable in the near future.
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Figure 18: (A) Schematic of an LCORR with a reference channel; (B) A picture of such a setup; (C) Common-
mode noise reduction by subtracting the reference from the actual sensing signal.

3.5. Biomolecule detection

Since biomolecules have different refractive indices than buffers that consist mainly of water,”’*" the WGM shifts
when biomolecules attach to the LCORR inner surface in replacement of water molecules. In Figure 19, we demonstrate
the detection of bovine serum albumin (BSA) molecules adsorbing to the surface of the LCORR. First, the LCORR inner
surface is activated with a 1% (v/v) solution of 3-aminopropyltrimethoxysilane in 10/90 (v/v) water/ethanol. Then a
1 mg/ml solution of BSA in PBS buffer solution was pumped through the LCORR. The resulting sensing signal is
plotted in Figure 19. The saturating characteristic of the curve verifies the Langmuir monolayer behavior of the BSA
adsorption onto the silane layer. The total WGM spectral shift at the saturation is approximately 41 pm. Assuming that
the LCORR surface is fully covered by a monolayer of BSA,>*'* we can estimate the BSA mass density to be 2.96
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Figure 19: WGM response to BSA adsorption to the LCORR inner surface. Saturation shift =41 pm.
ng/mm’ (BSA molecular weight = 66,000 Dalton), which leads to a BSA detection limit less than 10 pg/mm?, if we use
0.1 pm as the sensor spectral resolution. The LCORR used here has an OD of approximately 100 um. Therefore, the 10
pg/mm? corresponds to a total of 30 fg molecules, if a mode extension of 10 pum along the LCORR longitudinal
direction is assumed (see Section 2.5). Certainly, this weight detection limit is over estimated due to imperfect surface
coverage.

3.6. LCORR based electro-osmotic flow

In addition to sensing, the LCORR exhibits excellent fluidic handling capability inherent to capillaries.”® Therefore,
a number of technologies developed for capillaries such as sample delivery, pre-concentration, and separation can
directly be implemented with the LCORR, which will be extremely useful in device miniaturization and on-chip fluid
control and sample processing. In Figure 20, we have demonstrated the feasibility of using an electro-kinetic pump to
deliver the fluid samples. Two electrodes are placed in respective reservoirs at each end of the LCORR and the voltage
on the electrodes is periodically oscillated (see Figure 20(A)). Figure 20(B) shows the LCORR’s sensing response as the
analyte repeatedly passes the sensing region of the LCORR. The electric field needed is less than 100 V/cm, which can
readily be obtained with a small on-board voltage control in a future miniaturized lab-on-a-chip design.
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Figure 20: (A) Experimental setup with an electro-osmotic flow system; (B) The WGM shifts when the analyte
(glycerol) is driven back and forth through the location of the ring resonator defined by the optical fiber taper.

3.7. Integration with waveguides

Now that we have demonstrated the capability of using an optical fiber taper to couple the resonant light into the
LCORR, it is important to fully integrate the LCORR with photonic circuits for future device miniaturization and
multiplexing. Optical fiber tapers suffer from low reproducibility, low product yield, and lack of fabrication control.
Furthermore, fiber tapers are mechanically fragile. Also it is difficult to position an array of tapers to the desired
locations on the LCORR. Lithographically fabricated waveguide arrays on a wafer are advantageous owing to mass
production capability, well-controlled fabrication processes, and high channel density. Moreover, they are also highly
compatibility with opto-electronics, which enables integration with electronics and on-chip lasers in the future.

In our experiment, we use a special type of waveguide, called anti-resonant reflecting optical waveguide
(ARROW),gO'84 to excite the WGM in an LCORR. An ARROW, as schematically shown in Figure 21, consists of a low
refractive index core and a high-low refractive index pair of cladding layers. The thickness of the high index layer has to
meet the following condition for the core to guide the light:
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where A is the laser wavelength in vacuum, n; and n, are the refractive index of the core and high index layer,
respectively, and d is the thickness of the core. Under this anti-resonance condition, the ARROW prevents the light in the
core from leaking into the substrate, and in the meantime presents a sufficient evanescent field above the core for the

coupling between the ARROW and the LCORR. In an ARROW, only TE-polarized light will propagate whereas the
TM-mode is very lossy and can not be transmitted through the ARROW.

Similar to the coupling between the ARROW and a microsphere ring resonator that has previously been achieved,-**
% the coupling between the ARROW and the LCORR can be accomplished by placing the LCORR in touch with the
ARROW channels, as shown in Figure 22. Furthermore, the coupling can be adjusted by changing the ARROW core
height.”'” Our results will enable the development of integrated high throughput sensor arrays.
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Figure 22: Experimental setup for simultaneous excitation of the WGMs along an LCORR. The inset in the picture shows
the detail of the ARROW structure designed to transmit 980 nm light.

3.8. Patterning LCORR inner surface

In order to immobilize multiple biorecognition molecules such as antibody or aptamer on an LCORR, we use a
photo-assisted molecular grafting method.”*®" As illustrated in Figure 23(A), the inner surface of the LCORR is first
silanized with thiol or amine functional groups, then a photo-sensitive cross-linker such as N-5-Azido-2-
nitrobenzoyloxysuccinimide in solution is introduced, followed by exposure to a UV lamp or high intensity Argon laser
through a photo-mask. Finally, the biorecognition molecule is introduced and immobilized at the exposed locations.
Multiple exposures can be repeated to immobilize different types of biorecognition molecules. Figure 23(B) shows the
immobilization result obtained with a single window photo-mask exposed to an Argon laser.
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Figure 23: (A) Molecule patterning through photo-assisted molecular grafting. (B) Pattern achieved with a single-
window photo-mask. The biorecognition molecules are labeled with fluorescent dye molecules to guide the eye.

4. SUMMARY

In this article, we introduce a novel sensing technology platform based on the LCORR that integrates state-of-the-art
photonic sensing performance with excellent fluidic handling capability. We have carried out a series of studies on both
theoretical and experimental aspects of the LCORR in order to characterize and understand the LCORR as a sensor. The
detection limits for bulk refractive index and protein molecules have been shown to be competitive with the SPR based
label-free sensors. This excellent sensing performance, further boosted by the sub-nanoliter detection volume and the
potential to scale up for multiplexed detection, will open a door to a broad range of applications in life sciences research,
pharmaceuticals, clinics, homeland security, battlefield, and the food industry.

To fully realize the potential of the LCORR, further investigations will be conducted, which are aimed at the

following goals:

(1) Systematic fabrication of the LCORRs;

(2) Theoretical analysis and modeling of the interaction between a single molecule and the WGM in the LCORR,;

(3) Implementation of photonic crystal structure to further enhance the light-matter interaction, and hence
sensitivity;

(4) Interfacing with the microfluidics;

(5) Specific applications such as clinical applications (e.g., biomarker detection), small molecule detection for drug
discovery, bacterial detection for the food industry, and explosive and toxin detection for defense and homeland
security.

These studies, along with those presented in this article, will eventually lead to the commercialization of the

LCORR based lab-on-a-chip devices in the future.

In addition to sensing, the LCORR also provides a technology platform for development of novel instruments in
analytical chemistry such as capillary electrophoresis and chromatography,” as well as novel opto-fluidic devices such
as micro-lasers and reconfigurable filters,**® which we will discuss in detail in the future.
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