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Abstract— We demonstrate the utility of the opto-fluidic ring
resonator (OFRR) sensor for analyzing methylated
oligonucleotides. Cytosine methylation, a regular epigenetic
function in cellular growth and metabolism, may have ties to
abnormal suppression of key genes involved with cellular
proliferation. Such behavior is suspected to be strongly related
to the occurrence of several types of cancers. The OFRR is
demonstrated as a tool both for detecting DNA hybridization
and methylated cytosines residues.

I. INTRODUCTION

DNA methylation is a natural metabolic function that falls
under the heading of epigenetic DNA modifications.
Broadly speaking, these are modifications which cause
changes in gene function that cannot be explained by
changes in DNA sequence [1].

Over the past several years, numerous studies have
unearthed evidence for the connection between abnormal
genomic methylation and certain types of cancers [2-4].
Located mostly in CpG islands, methylated nucleotides help
cells regulate protein transcription. When this system
behaves abnormally, however, as in hypermethylation, out-
of-control gene suppression may lead to dangerous cellular
proliferation.

In light of this information, it has become increasingly
important for scientists to develop ideal tools for studying
and evaluating the degree of methylation in key DNA
sequences.

Currently, the workhorse of DNA analysis is the
fluorescent microarray, which is capable of single-molecule
detection and has well-understood protocols [5, 6].
However, factors such as fluorescence signal bias [7] and
analyte labeling procedures make label-free options very
attractive for some applications.

We have developed a novel analytical tool for label-free
optical biological and chemical detection called the opto-
fluidic ring resonator [8]. In the past several years the
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performance parameters of this device have been fully
explored and applied to many important analytes [8-17].
Very recently, however, the OFRR’s ability to detect
oligonucleotides has also been intensively investigated [13,
18].

The OFRR, as shown in Fig. 1, is a glass-capillary based
cylindrical ring resonator that demonstrates advantages of
high sensitivity, low detection limits, small sample volume
consumption, and low cost. In optical ring resonators, light
circulates repeatedly within a waveguiding closed-loop
optical cavity. Photons that match a resonance frequency in
the cavity will couple into it. Circular resonances of this
kind are described as whispering gallery modes (WGMs).
The spectral positions of WGMs are sensitive to the
refractive index (RI) of the surrounding media according to
the following formula [19],

2m v =mA, (D

where r is the ring resonator radius, n.; is the effective RI
experienced by the WGM, and m is an integer that describes
the WGM angular momentum. Using the OFRR as a
refractometer, changes in the term n.; can be caused by two
different mechanisms: material immobilization on the
interior surface and changes in bulk RI.
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Fig. 1. Photograph of the OFRR platform with capillary and fiber

indicated (not otherwise visible) (a), illustration of net WGM shift (b),
blown-up schematic of OFRR cross-section (c), and theoretical model
of 2™ order radial mode intensity across the OFRR wall (boundaries
indicated by dotted lines, and n;=1.33, n,=1.45, n;=1.0) (d) (reprinted
from [6] with permission from OSA).

Fig. 1(a) shows how the delicate OFRR capillary and
fiber elements are aligned on a slotted polymer block. Fig.
1(b) demonstrates how the transmission from the optical
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fiber registers dips corresponding to WGM position, which
shift (AX) in response to changes in the detected RI. Fig.
1(c) shows a cross-sectional view of the OFRR
demonstrating coupling from the optical fiber to the
capillary wall. Fig. 1(d) shows an expanded view of 2™
order radial modes in the capillary wall. It can be seen how
the tail of this distribution extends into the fluid core. This
portion of the electric field is referred to as the “evanescent”
field. The evanescent field can only be exposed in the core
by maintaining very thin walls (<5 pm).

Using this sensor platform we demonstrate the ability to
immobilize ssDNA via hybridization and the ability to
specifically identify methylated versus non-methylated
ssDNA. Methylated ssDNA is immobilized using
immunoprecipitation, wherein an antibody specific to
methylcytosine nucleotides is first attached to the capillary
surface. These results are an important first step in the
development of label-free tools for the study of DNA
methylation and its role in carcinogenesis.

II. EXPERIMENTAL METHODS

All oligonucleotides were obtained from either Sigma-
Genosys or Integrated DNA Technologies. In these studies,
the sequences used are listed in Table 1 below.

TABLEI
OLIGONUCLEOTIDE SUMMARY

Basic hybridization (25-mer):

Probe strand:
5” = NH2-C6-CCA ACC AGA GAACCGCAGTCACAAT-3
Target strand:
5" —ATT GTG ACT GCG GTT CTCTGG TTG G -3’
Negative control strand:
5" -~ TAA CAC TGA CGC CAA GAG ACCAACC-3

Methylation (30-mer):

5 methylcytidines per strand  (underlined
nucleotides are methylated):

5’ -~ CTG AAC TGT TCC GCC CCA CTG TGA AAG AGC -3’
Unmethylated negative control strand:

5’ —CTG AAC TGT TCC GCC CCA CTG TGA AAG AGC -3’

target

Antibody selected was mouse IgG; raised against 5-
methylcytidine, purchased from AbD Serotec. Dimethyl
adipimidate (DMA) crosslinker was obtained from Pierce.
Other reagents, including SSC buffer, PBS buffer, ethanol,
hydrofluoric acid, 3-aminopropyltrimethoxysilane (3-APS),
and protein G were obtained from Sigma-Aldrich. OFRR
capillary performs were purchased from Sutter Instruments.
Water, used as a diluent or in buffers, was purified to 18
MQ using a Barnstead Easypure-UV system.

The OFRR is fabricated from a quartz glass capillary with
an initial outer diameter of 1.2 mm and wall thickness of
150 pm. Focused CO, lasers soften the capillary preform,
and it is then pulled until the outer diameter is
approximately 100 pm and the wall thickness is
approximately 5 um. Once connected to polymer tubing,
hydrofluoric acid (HF) is passed through the capillary,

etching the wall down even further. The wall thickness is
estimated using a theoretical model described previously [8,
16] and is monitored until the bulk refractive index
sensitivity (BRIS) reaches an appropriate benchmark, which
in these experiments was either 6.8 nm/RIU or 51.9
nm/RIU. Fig. 2 shows how these BRIS values were
measured, using serial dilutions of ethanol in water.
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Fig. 2. Bulk refractive index sensitivity (BRIS) measurement using
ethanol dilutions in water for two different OFRR capillaries.

For stability, the capillary and tapered optical fiber were
fixed into grooves on a PVC or polyethylene rectangle and
connected to external fluidic and optical components
(photographed in Fig. 1(a)). These grooves were covered
with a glass slide to insulate the components from ambient
air currents. The whole module was then placed on top of a
thermal electric cooling (TEC) unit from Marlow Industries
which was connected to a high precision temperature
controller (ILX Lightwave). This ensured long term
temperature stability down to = 0.01° C. All experiments
were performed close to room temperature. A digital
syringe pump kept fluid circulating through the OFRR at a
constant rate of 10 uL/min.

The optical input is generated by a continuous wave
tunable laser operating at around 1550 nm. It is tuned
through a spectral range of approximately 100 pm at a rate
of 2 Hz. The fiber taper described above guides this light to
the OFRR capillary with which it evanescently interacts.
The end of the tapered fiber leads to an infrared
photodetector. A custom Labview program monitors the
WGM spectrum in real time, acquiring spectra at a rate of 2
Hz.

III. RESULTS

As a preliminary effort, the OFRR’s response to basic
hybridization was characterized. Fig. 3(a) shows the net
shifts over time for immobilization of 25-mer probe ssDNA
(step “B”). This involves covalently binding the aminated
probe ssDNA to the silanized glass surface using DMA,
followed by complementary target ssDNA (step “C”). Prior
to step “A,” the OFRR had already been treated with 3-APS
to provide surface amine groups, the procedures for which
are described previously [13]. The concentration of the
probe and target oligonucleotides was 10 uM. The
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triangular data points indicate a negative control where the
completely non-complementary target strand was used. The
shift for the negative control was approximately 2 pm. Note
that the BRIS for this experiment was measured at 6.8
nm/RIU, which is much lower than in the
immunoprecipitation experiment. This curve shows that a
large signal shift from hybridization can be obtained, even
using an OFRR with relatively low sensitivity. Also, the
hybridization efficiency for this run appears to be around
30%, consistent with previous studies. In previous OFRR
DNA studies, efficiencies closer to 50% have been observed
[13].

(a) ., - g (b) P
L1 3 = 29 35
! ${=2% N @ N N
!-. b '::’ Lo =] L ) [ =] o -
“I BRIS = 6.8 nm/RIU ™ BRIS = 51.9 nm/RIU °
‘ . g 40 D
2 4 : ' ce
E B 0 A Y
: | o
it ) A B )
A A Negative Control| % A Negative Control

o 10 0 30 a0 [] 20 0 60 a0 100 120

Elapsed time (min) Elapsed time (nin)

Fig. 3. Net WGM shift for hybridization of 25-mer complementary
target (A: initial baseline, B: 10 uM probe immobilization, C: 10 pM
target hybridization) (a). Net WGM shift for immobilization of 30-
mer target oligonucleotide with 5 methylated cytosines to antibody (A:
initial baseline, B: protein G deposition, C: antibody immobilization,
D: 10 uM target immobilization) (b).

Fig. 3(b) shows the net WGM shift for the immobilization
of methylated ssDNA with 5 methylated cytosines per
strand. The concentration of this target ssDNA was also 10
puM. In this phase of the study, higher BRIS was sought out
in order to study the relatively poorly understood interaction
between methylcytosines and the 5-methylcytosine antibody.
Before step “A” in Fig. 3(b), the OFRR had already been
treated with 3-APS. Step “B” represents covalent
immobilization of protein G using DMA as a crosslinker,
which attracts antibodies in step “C.” Step “D” represents
the final net shift for captured ssDNA molecules. Again, the
triangular data points represent a negative control. The
negative control strand, in this case, was an ssDNA strand
without any methyl groups, which generated a WGM shift
of approximately 1.1 pm. Fig. 3(b) shows the validity of
this test for capturing methylated ssDNA with high
specificity.

IV. CONCLUSION

The analysis of abnormal epigenetic patterns in key gene
sequences is an important frontier in modern cancer
research. The OFRR, capable of sensitivities of over 51.9
nm/RIU, has been demonstrated as a label-free methylation-
specific sensor. It’s capabilities for immobilizing DNA via
both hybridization and immunoprecipitation have been

established. Future efforts will focus on developing arrays
for methylation analysis built into a lab-on-a-chip platform
offering greater integration of optical and fluidic
components. Also, the affinity chemistries will be further
researched to find solutions for sequence-specific analysis in
mixed solutions.
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