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List of Figures

Conceptual illustrations of an optical ring resonator sensor. The resonant
light circulates along the resonator and its evanescent field is present in the
surrounding medium outside (A) or inside (B) the ring resonator, interacting
with the analyte on the resonator exterior surface (A) or interior surface (B),
as well as in the surrounding medium. Reprinted from Ref. [4] with
J0153 40013 1) ) U TUURUPSUURR PR

Various ring resonator configurations. (A) Microsphere. (B) Silicon-on-
insulator planar ring resonator. (C) Slot waveguide ring resonator. (D)
Capillary based ring resonator fabricated by the drawing method. (E) Planar
ring resonator array. (F) Microtoroid. (G) Capillary based ring resonator
fabricated by the rolled-up method. (H) Microfiber coil based ring resonator.
Reprinted from Ref. [4] with permisSion.........ccceecueeiieniieiienieeieeie e,

. 2.3 Schematic illustration of the OFRR platform............ccccccvveviiriiiinieniiiieeieeies

. 2.4 (A) OFRR fabrication setup. (B) Microscope image of an OFRR made from

a capillary pre-form. (C) SEM image of an OFRR. (D) Cross section image
of tens of meters of OFRR made at OFS using a commercial optical fiber
draw tower. (E) OFRR made at OFS. Polymer coating outside of OFRR
capillary adds fIexXibility. .......cccoeiiiiiiiiieeee e

. 2.5 The experimental setup for OFRR characterization.............ccccoeceeveeveneencnnnennen.

. 2.6 (A) Microscope image of OFRR capillary in contact with the optical fiber

taper for WGM excitation. (B) Typical OFRR transmission spectrum.
Tunable diode laser central wavelength is around 1550 nm and is scanned
over 110 pm range at a frequency of S HzZ......ccccooviiiiiiiiniiiieeece e

. 2.7 OFRR Q-factor measurement. The transmission spectrum showing a WGM

has @ Q-FACtOr OF 7.5K107. ..o e et e e e e eeeeeeaeene

. 2.8 Refractive indices of ethanol-water mixtures at different ethanol

CONCEINETATIONS ... eeeeeeeeenieeeeeeeeeeete e eeeeeeeeeeeanaaeeeeeeeeeaenaaaeseeeeeranennnaeseeeeeeanennnnns

. 2.9 (A) Sensorgram of the WGM response to ethanol-water mixtures at different

concentrations. (B) Sensitivity calibration curve, which is a linear fitting
from data points from (A) ......cooeeiiieiieie e
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Fig. 2.10 Intensity distribution of the second order radial WGMs for two different
fused silica wall thicknesses shows that the wall needs to be sufficiently thin
to expose the evanescent field to the core. Dashed lines show the interior
and exterior surfaces of the OFRR. Refractive index: n;=1.33, n,=1.45,
n3=1.0 ..................................................................................................................

Fig. 2.11 (A) Low core RI. The WGMs form at the outer glass wall and has an
evanescent field in the core. (B) High core RI. The WGMs exist at both
inner and outer surface of the glass wall...........ccccceieiiiiiiiiiiie e,

Fig. 2.12 Transition of the WGM when the core changes from low RI to high RI.
Core RI is (A): 1.33; (B) 1.45; (C) 1.5; (D) 1.6. RI for OFRR wall: 1.45.
Surrounding medium: air. Dashed lines are OFRR inner and outer surface. .....

Fig. 3.1 Various configurations of ring resonator vapor sensor. (A) Planar ring
resonator. (B) Polymer ring resonator. (C) Dielectric microsphere. Reprinted
with permission from Refs. [62, 136] .....ccccuvvviiieeiiiiciieeeeee e

Fig. 3.2 The cross-sectional view of an OFRR vapor Sensor ..........cccceceveeverieenceniennene.
Fig. 3.3 Experimental setup for rapid chemical vapor detection............ccceevveeerieeeniennns

Fig. 3.4 OFRR response to various part per million (ppm) concentrations of ethanol
and hexane vapors. The OFRR is coated with a 200-nm-thick OV-17 (A)
and PEG-400 (B). Insets are the sensorgrams taken by monitoring the WGM
shift in real time. Reprinted from Ref. [133] with permission...............c.cc........

Fig. 3.5 Four-layer model for the OFRR vapor sensor. OD: ring resonator outer
diameter; t: polymer thickness; d: ring resonator wall thickness; nl, n2, n3,
and n4 are the refractive indices for the medium inside (air), polymer, silica
ring resonator, and medium outside (air), respectively......cccvvveeerciieeniieesieeenne.

Fig. 3.6 (A) k2 as a function of polymer thickness for the first three WGMs. The
relevant parameters are: OD =95 ym. d =3 um.n, = 1. n, = 1.47. n, = 1.45.
n, = 1. m = 257. All for b-mode. Inset: Intensity radial distribution for the
first three modes when the polymer thickness is 0.5 um (A) and 2.9 um (B).
Vertical lines indicate the boundaries of the ring resonator and the polymer
layer. (B) The corresponding RI sensitivity. The RI sensitivity for the third

WGM of different polarization (a-mode) is also plotted. Reprinted from Ref.
[134] With PEIMISSION c...eieeiiiiiieiieciieeiieete et e et e eteeeae et e eaeesteesebeeaeeenseensaeenseas

Fig. 3.7 RI sensitivity as a function of the OFRR wall thickness for the first three
WGMs. The polymer thickness is fixed at 1 mm. Other parameters are the
same as in Fig. 3.6. Reprinted from Ref. [134] with permission........................

Fig. 3.8 (A) k” as a function of polymer thickness for the first three WGMs. Dashed
line indicates the k* position for the first-order ring resonator wall mode in
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the absence of the polymer layer. The simulation parameters are the same as
in Fig. 3.6, except that the polymer RI, ny, is 1.7. (B) The WGM radial
distribution of the second-order mode for various polymer thicknesses
indicated by the arrows in (A). Vertical lines indicate the boundaries of the
ring resonator wall and the polymer layer. Reprinted from Ref. [134] with
PEIINISSION 1..tieeeiiieeiieeeiteeetteeeteeeetaeeetaeeessaeesssaeesssseesssaeessseeensseeasseeesseesnsseennns

Fig. 3.9 RI sensitivity as a function of polymer thickness for the first three WGMs.
The polymer is coated on the inner surface of the ring resonator. The
simulation parameters are the same as in Fig. 3.7, except that the polymer RI,
n3, is 1.7. Reprinted from Ref. [134] with permission ...........cccceeevveervieenveennnen.

Fig. 4.1 (A) Conceptual illustration of a regular GC setup. (B) Cross-sectional view
of a regular GC column. (C) Conceptual illustration of the OFRR-based
uGC setup. (D) Cross-sectional view of the OFRR............ccccoeeviiniiiiiiniine,

Fig. 4.2 Separation and detection of different analytes with a PEG-400 coated OFRR

Fig. 4.3 Temporal response of the OFRR vapor sensor upon injection of DNT vapor.
Peak position = 41 seconds. Peak width = 13.6 seconds. DNT is extracted by
SPME from equilibrium headspace of a vial containing DNT powder at
room temperature. SPME extraction time = 40 seconds. DNT is injected at 0
second. Reprinted from Ref. [172] with permission...........ccccoeeveeciienveecriennnnne.

Fig. 4.4 OFRR vapor sensor response to DNT vapor samples extracted with various
SPME sampling times at room temperature. The sensitivity for DNT is
estimated to be 0.41 pm/ng and 0.67 pm/ng for OFRR #1 and #2,
respectively. The error bars represent standard deviation obtained from three
measurements with OFRR #2. Inset: Calibration curve obtained with a
GC/MS system (Varian) for the mass of DNT extracted by the SPME fiber
under various extraction times at room temperature. Reprinted from Ref.
[172] With PEIMISSION c...eeeuiieiiieiiieeiieeiee ettt ettt ettt e e eeteesebeeaeeenbeessaeenseas

Fig. 4.5 Highly repeatable detection of DNT using OFRR #1 from interference
background. (A) Separation and detection of DNT from nitrotoluene/DNT
mixtures. SPME extractions are performed at room temperature. Curves are
vertically shifted for clarity. Top curve: Nitrotoluene extraction time = 3
seconds, DNT extraction time = 20 seconds. Bottom curve: Nitrotoluene
extraction time = 1 second, DNT extraction time = 30 seconds. (B)
Separation and detection of DNT from nitrotoluene/TEP/DNT mixtures.
SPME extractions are performed at room temperature. Extraction time for
each analyte is varied among four operations. Curves are vertically shifted
for clarity. Inset shows the details of the first 15 seconds. Reprinted from
Ref. [172] With PErmiSSION ......cccvieiuiieiieiiieiieciie ettt ere et e e e e esseeeavees



Fig. 4.6 Response of the WGM to DNT when the polymer coating thickness is 200
nm. (A) The OFRR is at room temperature. DNT mass injected ~ 400 ng.
Peak position = 240 seconds. Peak width = 150 seconds. (B) The OFRR is at
65 °C. DNT mass injected =~ 400 ng. Peak position = 34 seconds. Peak
width = 33 seconds. Reprinted from Ref. [172] with permission.......................

Fig. 4.7 Calculated WGM spectral shift as a function of the RI change in the polymer
layer using a four-layer Mie model with OD = 90 pum, wall thickness = 3 um,
and polymer thickness = 60 nm, The sensitivity is 4.3 nm/RIU. Reprinted
from Ref. [172] With permiSSION.......cccuieeiiieriiieiiieeciee et

Fig. 4.8 (A) Conceptual illustration of tandem-column separation based on OFRR
uGC. A nonpolar phase regular GC column is connected with a relatively
short polar phase coated OFRR column through a press-tight universal
connector. A tunable diode laser is coupled into two fibers in contact with
the OFRR. The first fiber is placed at the inlet of the OFRR and the second
one a few centimeters downstream along the OFRR, defining two detection
locations, respectively. (B) Cross sectional view of the OFRR. The WGM is
excited through the fiber perpendicularly in contact with the OFRR and
circulates along the circumference of the OFRR. The WGM spectral
position changes in response to the interaction between the polymer coating
and vapor molecules. (C) A picture of the OFRR with two tapered fibers
separated by approximately 6 cm. A white line is drawn along the OFRR
column to guide the eye. Reprinted from Ref. [38] with permission .................

Fig. 4.9 Chromatograms of alkanes. Top trace is recorded by the first detector,
showing retention times of each analyte separated by the first Rtx-1 column
kept at 50 °C (A) and 150 °C (B) isothermal, respectively. Bottom trace
shows the corresponding retention times recorded by the second detector 6
cm away from the first detector. Details of the analytes are listed in Table
4.1. Curves are vertically shifted for clarity. Reprinted from Ref. [38] with
PEITIISSION c...eeieeiieeniie ettt etteeeteeteeeteetteeabeeseeenbeeseeesseenseesnseenseesnsaenseesnseenseesnsens

Fig. 4.10 Chromatograms from the two detection channels. The upper trace shows the
separation from the 180 cm Rtx-1 column (50 °C) and the lower trace shows
the further separation by a 6 cm PEG 1000 coated OFRR column (~ 23 °C).
Co-elution of Analyte #3 and #8 in (A) and Analyte #4, #9, and #12 in (B)
from the first GC column is well separated by the second OFRR column.
The inset of (A) shows the chromatogram for DEMP from the two channels.
Curves are vertically shifted for clarity. Reprints from Reprinted from Ref.
[38] With PETMISSION ..eeuvvieuiieiiieiieeiie ettt ettt ettt e et eeabeessaeenseas

Fig. 4.11 Chromatograms of twelve analytes with various volatilities and polarities
obtained by the two detection channels. The whole analysis is completed
within four minutes. Two groups of co-elution from the first 180 cm Rtx-1
GC column (50 °C) (upper trace) are well resolved after the second 6 cm
OFRR column (~ 23 °C) separation (lower trace). The experiments are
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performed twice (Run 1 and Run 2) to show the separation repeatability.
Curves are vertically shifted for clarity. Reprinted from Ref. [38] with
PEITMISSION ....eetieiieeniieeiteette ettt et e eteeteeeabeeseeeabeenseeesseenseeanseenseesnseenseesnseenseesnsens

Fig. 4.12 Chromatograms from the two detection channels. The upper trace shows the
separation from the 180 c¢cm Rtx-5 GC column (50 °C). The lower trace
shows the retention time from the Rtx-5/OFRR column ensembles. (A)
Partial co-elution of Analyte #6 and #4 after the second separation due to
added retention of Analyte #6 compared to Analyte #4 in the OFRR. (B)
Co-elution of Analyte #12 and #13 after the second separation. Curves are
vertically shifted for clarity. Reprinted from Ref. [38] with permission............

Fig. 4.13 Monitoring the separation process of the target analyte (Analyte #6: octanol)
by acquiring three chromatograms at three different locations along the
OFRR column. The top trace in Chromatogram #1 and #2 are recorded from
the tapered fiber (Channel #1) located at the OFRR column inlet. The
bottom trace in Chromatogram #1 and #2 are recorded from another tapered
fiber (Channel #2) located 3.5 cm and 8 cm downstream from Channel #1,
respectively. A 180 cm Rtx-1 column heated at 150 °C isothermal is used as
the first separation column. The OFRR column is kept at room temperature.
Curves are vertically shifted for clarity. Reprinted from Ref. [38] with
PEIINISSION 1..tieeeiiieeiieeeiiee et eeeteeeetaeeetaeesssaeesaseeessseeesssaeensseeensseeasseeesseesnsseennns

Fig. 5.1 Various ring resonator configurations for optofluidic lasers. (A) Free falling
liquid droplets generated by an orifice; (B) Liquid droplets generated by
microchannels; (C) Liquid droplet formed on an ultra-hydrophobic surface;
(D) Fused silica microsphere immersed in gain medium; (E) Ring shaped
waveguide formed on a chip; (F) Ring shaped liquid waveguide formed on a
chip; (G) Ring resonator formed by a microfiber knot; (H) Liquid cylindrical
resonator formed with a capillary. Reprinted from Ref. [11, 79, 183, 197,
202, 259] With PermMISSION. .....eciiieiieiieeiierieeteeieeeteesieeereeseeeebeeseessreeseesnseenns

Fig. 5.2 Conceptual illustration of OFRR lasers: (A) side view and (B) top view. The
capillary OD is 75 um and wall thickness is less than 4 um. Dye solution is
filled into capillary as the gain medium. OFRR capillary cross section forms
the high Q-factor ring resonator supporting WGMs that evanescently
interacted with gain solution for light amplification. Laser emission can be
collected in free space or with an optical fiber taper in contact with capillary
wall for easy light dElIVETY .....ccueviviiiiiiiiice e

Fig. 5.3 Conceptual illustration of OFRR FRET lasers via DNA scaffolds. The donor
transfers energy to the acceptor through FRET that is precisely controlled by
DNA scaffolds. Note that the donor and the acceptor are labeled on
complementary ssDNAs. Reprinted from Ref. [255] with permission...............

Fig. 5.4 (a) Schematic illustration of experimental setup. Pump light from an OPO
laser is loosely focused to illuminate a small segment of the OFRR capillary.
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Organic dye labeled DNA samples are flowed through the capillary by a
syringe pump. A multimode fiber is placed near the capillary edge to collect
the lasing emission with the other end sent to a spectrometer for analysis. (b)
Relative position of the collection fiber with respect to the OFRR. All
dimensions are not to scale. Reprinted from Ref. [255] with permission...........

Fig. 5.5 Normalized absorption and emission spectra of the dyes used in the
experiments. Reprinted from Ref. [255] with permission ...........cccceeeviereenenne.

Fig. 5.6 (A) OFRR FRET lasing emission spectra for the donor-to-acceptor ratio of
1:1 achieved through hybridization of 1D1A-Cy3 and 1D1A-Cy5. The
concentration of both ssDNA samples is 30 pM. Laser excitation
wavelength is 518.3 nm. Curve 1 and 2 are the spectrum slightly and well
above the lasing threshold, respectively. Curves are vertically shifted for
clarity. Inset: the corresponding DNA scaffolds. (B) Laser emission as a
function of pump energy density per pulse. Triangles: laser emission
integrated between 680 nm and 700 nm. Squares: laser emission integrated
between 700 nm and 740 nm. Solid curves are the linear fit of the linear part
of the integrated laser emission. Lasing threshold is 6.8 pJ/mm® and 4.2
pJ/mm? for the laser emission centered at 690 nm and 720 nm, respectively.
Reprinted from Ref. [255] with permission..........cccccceeeeveeeiienieeciienieeieeeeeenen.

Fig. 5.7 Control experiments on Cy3-Cy5 FRET lasing. (a) When pumped at 518.3
nm, 30 uM Cy5 labeled ssDNA (1D1A-Cy5) alone shows no lasing
emission, suggesting that Cy5 cannot be directly excited to achieve lasing at
this pump wavelength. (b) When pumped at 518.3 nm, 30 uM Cy3 labeled
ssDNA (1D1A-Cy3) alone has strong lasing emission around 610 nm, which
is within the Cy3 emission band. Reprinted from Ref. [255] with permission ..

Fig. 5.8 (A) OFRR FRET lasing emission spectrum for the donor-to-acceptor ratio of
2:1 achieved through hybridization of 2D1A-Cy3(3’), 2D1A-Cy3(5’), and
2D1A-Cy5. The concentration of all ssDNA samples is 30 uM. Laser
excitation wavelength is 518.3 nm. Curve 1 and 2 are the spectrum slightly
and well above the lasing threshold, respectively. Curves are vertically
shifted for clarity. Inset: the corresponding DNA scaffolds. (B) Laser
emission as a function of pump energy density per pulse. Triangles: laser
emission integrated between 680 nm and 700 nm. Squares: laser emission
integrated between 700 nm and 740 nm. Solid curves are the linear fit of the
linear part of the integrated laser emission. Lasing threshold is 4.4 pJ/mm?
and 2.3 pJ/mm® for the laser emission centered at 690 nm and 720 nm,
respectively. Reprinted from Ref. [255] with permission.........c.ccceceeveeveriencene

Fig. 5.9 Emission spectrum of 2-donor-1-acceptor FRET lasers at various ssDNA
concentrations. (A) 30 uM. (B) 15 uM (C) 5 uM, and (D) 2.5 uM. The
pump energy density per pulse is fixed at 54 pJ/mm®. Reprinted from Ref.
[255] With PETTNISSION .....vieeiiiieeiiieeiieecieeeeiee e etee et eeetee e aeeeeeaeeeseaeeeenseeesnseeenns
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5.10 Cascade OFRR FRET laser. (A) Lasing emission spectrum. Laser excitation
wavelength is 518.3 nm. The concentration of all ssDNAs is 30 uM. Inset:
the DNA scaffold structure that bridges Cy3, Cy5, and Cy5.5. (B) Lasing
emission integrated between 720 nm and 760 nm versus pump energy
density per pulse. Solid curve is the linear fit of the linear part of the
integrated laser emission. Lasing threshold is 6 pJ/mm?. Reprinted from Ref.
[255] With PETTNISSION ....evieeiiiieiiiieeiieeciee e eiee e tee e etee et e e aeeeeeaeeeseaeeeeeaeeessseeenns 93

5.11 Control experiments on cascade FRET lasing. When pumped at 518.3 nm,
Cy3 alone has lasing emission around 610 nm, while Cy5 alone or Cy5.5
along shows no lasing at their respective emission wavelength range,
suggesting that neither Cy5 nor Cy5.5 can be directly excited to achieve
lasing at this pump wavelength. Reprinted from Ref. [255] with permission ....94

5.12 Conceptual illustration of OFRR-assisted energy transfer lasers, in which
donor emission coupled into cavity modes is used to excite the acceptor.
Note that the donor and the acceptor are labeled on non-complementary
ssDNAs. Reprinted from Ref. [255] with permission...........cccccceevveeviieneeenennne. 95

5.13 (A) Cavity-assisted lasing emission spectrum in the OFRR using non-
complementary ssDNA samples: 1D1A-Cy3 and Control-Cy5 (both at 30
uM, see Table 5.1). (B) Laser emission integrated between 700 nm and 740
nm versus pump energy density per pulse. The excitation wavelength is
518.3 nm. Reprinted from Ref. [255] with permission...........ccccceeevvervrrcreennnnne. 97

5.14 (a) FRET efficiency between Cy3 and CyS5 through a 13-base-pair DNA
scaffold. Calculation is based on equation (5.1). (b) Energy transfer
efficiency for FRET between Cy3 and CyS5 in free solution. Calculation is
based on equations (5.2) and (5.3). (¢) OFRR-assisted energy transfer
efficiency between Cy3 and CyS5. Calculation is based on equations (5.4)
and (5.5), where Egonor = 11%, o = 5.75x105 cm™ M, A = 630 nm, n = 1.45,
and Qo = 4x10". Reprinted from Ref. [255] with permission........................... 99

5.15 WGMs obtained with a high resolution Toptica tunable diode laser at 785
nm. The mode spacing is approximately 3.8 pm. Reprinted from Ref. [255]
WIth PEIMISSION ...ttt sttt et ettt e e 100

6.1 Normalized fluorescence from the MB for different DNA-to-MB ratios. (A)
nr=1 uM. (B) n=50 uM. Ky=4x10"* M. K=2x10" M (for the target DNA)
and 3x10” M (for the single-base mismatched DNA). §=0.05. MB and DNA
sequences are listed in Table 6.1.........cccovveiiiiiiiiiiiiiceeeee e 107

6.2 MB fluorescence from the target and the single-base mismatched DNA. (A)
Fluorescence spectra for two different [DNA]:[MB] ratios. Curves are
vertically shifted for clarity. (B) MB fluorescence signal vs. DNA-to-MB
ratio. The signal is normalized to that for [Target DNA]:[MB]=100:1. Inset,
the corresponding curves in the linear-linear scale. In all experiments,
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[MB]=1 uM. MB background is subtracted from all spectra. MB and DNA
sequences are listed in Table 6.1..........cccoeeciiiiiiiiiiiiiiceeeeee e 108

Fig. 6.3 Intra-cavity SNP detection with the OFRR laser. The OFRR cross-section
forms the ring resonator. It supports the circulating optical resonant mode of
high Q-factor, which interacts evanescently with the MB flowing through
the OFRR and provides the optical feedback for MB to lase. Inset, MB
fluorescence is quenched when it is in the closed state in which the
fluorophore and quencher are in close proximity. MB fluorescence is
restored upon hybridization with the target DNA. Blue arrow indicates the
eXterNal 1aSer PUMP ...cc.viiiiieiieiieeie ettt ettt eaaees 109

Fig. 6.4 Lasing threshold for various concentrations of the target DNA and single-
base mismatched DNA based on Egs. (6.12-14). The lasing threshold is
normalized to the threshold for [target DNA]:[MB]=5:1 (for the purpose of
comparison with the experimental results). The dashed horizontal line
illustrates that the lasing threshold can be achieved with [Target
DNA]:[MB]=2:1, but not until when [Single-base mismatched DNA]:[MB]
is larger than 100:1. y=10%. Other related parameters are the same as in Fig.
0.1(B) ceeeeeteete e 113

Fig. 6.5 Comparison of the MB emission spectrum in the presence of the target DNA
and of the single-base mismatched DNA. The DNA-to-MB molar ratio is
1:1. MB concentration was fixed at 50 uM. The pump energy density was
25.6 pJ/mm”* at 490.7 nm. The background fluorescence from MB alone is
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Fig. 6.6 Spectrally integrated MB emission intensity vs. the pump energy density for
various concentrations of the target and single-base mismatched DNA. (A)-
(D), [DNA]:[MB]=1:1, 2:1, 3:1, and 5:1, respectively. Upper and bottom
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Fig. 6.7 Selective detection of the target DNA from high concentrations of the single-
base mismatched DNA. a-e, negative controls. No lasing emission observed
from a wide range of concentrations of single-base mismatched DNA
samples in the absence of the target DNA. The molar ratio of the target
DNA, single-base mismatched DNA, and the MB, ie., [Target
DNA]J:[Single-base mismatch DNA]:[MB], is labeled on the right side of the
corresponding curves. f, Positive control. Lasing emission emerged when
small quantity of target DNA was added in the high concentration of single-
base mismatched DNA. During the experiments, the MB concentration was
fixed at 50 uM and the pump energy density was 0.8 pJ/mm? slightly
higher than the lasing threshold for the target DNA given in Figure 6.6(B).
Curves are vertically shifted for Clarity ..........cccocveeeienciienieiiicieeeeee e, 119

Fig. 6.8 Lasing emission spectrum of the MB hybridized with various concentrations
of the target DNA. (A)-(D), [Target DNA]:[MB]=1:1, 2:1, 3:1, and 5:1,
respectively. The MB concentration was fixed at 50 uM and the pump
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ABSTRACT

Optofluidic Ring Resonator: a Versatile Microfluidic Platform for

Chemical Vapor Detection and Intra-Cavity Biomolecular Analysis

by

Yuze Sun

Chair: Xudong Fan

Starting from initial idealization in 1995 and subsequent ground-breaking work in
early 2000s, the optical ring resonator has quickly emerged in the past few years as a new
sensing technology that has a wide range of applications in healthcare, biomedical
research, homeland security, and environmental monitoring to detect target analytes in
either liquid or vapor phase rapidly and sensitively.

The optical ring resonator sensor relies on the whispering gallery mode (WGM) to
carry out the sensing. The WGM forms due to total internal reflection of light at the
curved ring resonator surface. It circulates along the ring resonator and repetitively

interacts with the analyte near the ring resonator surface. Due to the extremely high Q-
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factor (>10°), the effective interaction length between the WGM and the analyte can be as
long as a few tens of centimeters, despite small physical size of the ring resonator (a few
tens of micrometers in diameter). Therefore, highly sensitive detection can be achieved.

Although a number of optical ring resonator configurations have been explored,
there is still a great need for a synergistic configuration that integrates optical and fluidic
components. To meet this challenge, the optofluidic ring resonator (OFRR) is developed
in this thesis. The OFRR is a thin-walled glass capillary whose circular cross section
forms the ring resonator with an ultra-high Q-factor (>10"). It naturally integrates the
highly sensitive ring resonator sensing technology and the superior fluidic handling
capability of the capillary. The WGM circulating along the OFRR wall interacts with the
analyte near the inner surface of the capillary, thus providing quantitative and temporal
information of the analyte flowing through the capillary. Based on this versatile
optofluidic platform, chemical vapor detection and microfluidic laser intra-cavity
biodetection are extensively investigated in the thesis.

In the chemical vapor detection, the OFRR gas sensing platform is built by
coating a vapor sensitive polymer layer on the OFRR capillary inner surface. The
polymer-vapor interaction results in a change in the polymer thickness and refractive
index, which in turn causes a spectral shift in the WGM that has the electric field present
in the polymer layer. To improve the gas sensing specificity, the OFRR sensing technique
is further integrated with micro-gas chromatography (uGC) separation technology, and
the OFRR-based nGC system is thus developed. The dual use of the OFRR capillary as a
separation column and an optical detector renders the OFRR-based nGC system unique

multi-point on-column detection capability. In this thesis, the OFRR vapor sensing
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feasibility is first demonstrated with detection of representative gas analytes, followed by
the theoretical analysis using a four-layer Mie model, which provides guidelines to the
sensor design. Then, experimental studies are carried out on the OFRR-pGC system,
where rapid and sensitive detection of dinitrotoluene vapor out of interfering background
at room temperature is demonstrated. Finally, a tandem-column setting of the OFRR-
nGC system is investigated to enhance the chromatographic resolution. A vapor mixture
of twelve analytes of different volatilities and polarities are separated and detected within
four minutes.

In the microfluidic laser intra-cavity biodetection, the OFRR platform is studied
for active biosensing. In this thesis, a bio-compatible optofluidic laser is developed based
on the OFRR. DNA scaffolds are incorporated into the laser gain medium and control the
lasing emission properties through efficient fluorescence resonant energy transfer. This
platform is further used to explore highly selective intra-cavity DNA detection. Two
orders of magnitude improvement in detection selectivity is achieved over the
conventional fluorescence detection method in differentiating the target and the single-

base mismatched DNA sequences.
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Chapter 1

Introduction

1.1 Motivation of developing an optofluidic ring resonator platform

Starting from initial idealization and subsequent ground-breaking work [1-3], the
optical ring resonator has quickly emerged in the past few years as a new sensing
technology. There are over 300 papers published in the last decade that are related to ring
resonator bio/chemical sensing, most of which are from the recent 5 years [4]. Intensive
research in this field is motivated by broad applications of ring resonator sensors in
healthcare, environmental monitoring, homeland security, food industry, and
pharmaceuticals, which require sensitive and rapid analytical tools. Meanwhile, due to
the circulating nature of the light guided by the optical ring resonator, it has long been an
interesting and convenient platform to study nonlinear optical processes, such as lasing
[5-11]. In recent years, research on developing optofluidic lasers has drawn significant
attention in the optical community [12-19]. Optofluidic lasers are the realization of old-
time dye lasers with microfluidics and microscale optics. The successful development of
optofluidic lasers will not only facilitate the implementation of complete “Micro-Total
Analysis Systems” (UWTAS), but also enable the dynamic control of laser properties
through liquid manipulation.

In both ring resonator sensor and optofluidic laser applications, two most

important features that a device must have are a high quality factor (Q-factor) cavity and



efficient microfluidics. The high Q-factor results in a low limit of detection (LOD) in
optical ring resonator sensors and a low lasing threshold in optofluidic lasers. Efficient
microfluidics is the key to many practical aspects of an optofluidic device, such as
efficient and controlled sample delivery, reduced sample consumption volume, reduced
flow dead volume, fast sensor response, and compact device design. Although a number
of high-Q optical ring resonator configurations have been explored, there is still a great
need for a synergistic configuration that integrates optical and fluidic components [20,
21]. To address the challenge, in this thesis we will develop a new ring resonator
platform named optofluidic ring resonator (OFRR), which is an integration of a high Q-
factor micro-cavity and a glass capillary with inherently efficient microfluidics. Based on
the OFRR platform, we will investigate chemical vapor detection and microfluidic laser

intra-cavity biodetection, respectively.

1.2 Roadmap to this Thesis

The flow of this thesis is as follows. In Chapter 2, the development, fabrication,
and characterization of the OFRR are presented. This chapter further shows the OFRR is
a powerful and versatile microfluidic platform, which can be developed into gas sensors
and microfluidic dye lasers, respectively. The refractive index (RI) sensing principle and
lasing principle are explained accordingly. Chapter 3 and Chapter 4 focus on the study of
the OFRR in gas sensing applications, where the OFRR is operated as a passive optical
microcavity. Chapter 3 begins by describing the OFRR gas sensing principle, followed by
experimental demonstration of static gas detection and theoretical study of the OFRR gas

sensing performance. In Chapter 4, to improve gas sensing selectivity, the integration of



OFRR sensing technology and micro-gas chromatography (uGC) is discussed. An
OFRR-based micro-GC system is proposed and studied. Tandem-column OFRR micro-
GC is also investigated to improve the chromatographic resolution. Chapter 5 and
Chapter 6 are dedicated to the study of the OFRR as an active optical microcavity.
Chapter 5 covers the work performed on the development of a biocompatible
microfluidic laser based on the OFRR. In Chapter 6, the biocompatible OFRR microlaser
is used for highly selective intra-cavity DNA detection. The thesis is concluded in

Chapter 7 with a brief summary and outlook towards future research directions.



Chapter 2

Optofluidic Ring Resonator

2.1 Overview of optical ring resonators

The optical ring resonator sensor relies on the light-analyte interaction to convert
the presence of chemical or biological analytes into a quantitatively measurable optical
signal. As illustrated in Fig 2.1, an optical ring resonator can be regarded as a ring-shaped
waveguide. Due to total internal reflection of light at the curved boundary, a resonant
optical mode called whispering gallery mode (WGM) forms. The resonant wavelength, A,
is given by:

A=2mn,Im, 2.1
where r is the resonator radius, nes is the effective RI experienced by the optical resonant
mode, and m is an integer number. The resonant light circulates along the ring resonator
and has the evanescent field several hundred nanometers into the surrounding medium
(e.g., liquid, gas, and polymer coatings) to interact repetitively with the analytes near the
resonator surface. Likewise, in the ring resonator based optofluidic lasers, the lasing
properties are also determined by light-analyte interaction, in which case, the analyte
becomes dye molecules or other gain materials.

As a new sensing/lasing technology, the ring resonator has a number of distinctive

advantages. In contrast to the traditional linear waveguide or fiber based sensor/laser
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Fig. 2.1 Conceptual illustrations of an optical ring resonator sensor. The resonant light circulates along
the resonator and its evanescent field is present in the surrounding medium outside (A) or inside (B) the
ring resonator, interacting with the analyte on the resonator exterior surface (A) or interior surface (B),

as well as in the surrounding medium. Reprinted from Ref. [4] with permission.

where the light-analyte interaction length is essentially the physical length of the device,
the circulating nature of the resonant mode creates extremely long effective interaction
length, which is determined by L, = QA/(2/m), where Q is the resonator quality factor,
representing the number of round trips that the resonant light can circulate along the ring
resonator. Depending on the ring resonator configurations, as described later, the Q-factor
usually ranges from 10 to 10®. Therefore, despite small physical size, the ring resonator

has an effective interaction length of a few tens of centimeters or even longer, which



renders the ring resonator better sensing performance, smaller footprint, and higher
multiplexing capability while using less amount of analyte. Another benefit that the ring
resonator offers is the significantly enhanced light intensity near its surface with the
enhancement being proportional to the Q-factor, which is due once again to the
circulating nature of the resonant light. This phenomenon can also be exploited for
sensing applications.

After nearly 10 years of investigation, a variety of chemical and biological species
have been detected using ring resonators, including DNA, protein, virus, nanoparticle,
bacterium, heavy metal, pesticide, volatile organic compounds (VOCs) in liquid or
gaseous phase [2, 22-40]. Different types of ring resonators have been designed to carry
out those detections. As illustrated in Fig 2.2, optical ring resonator sensors have been
implemented in a number of configurations. These configurations are also being explored
in the development of optofluidic lasers.

(1) Microspheres made of liquid [10, 40-44], fused silica [2, 23, 45-49], and
polymers [50-54]. They are cost-effective and easy to fabricate. The fused silica based
microsphere and liquid based microsphere (also known as microdroplet) have extremely
high Q-factors. A Q-factor over 10° has been reported when the fused silica microsphere
is in air [45]. When immersed in water, the silica microsphere has a Q-factor in excess of
107 [48, 49], which results in a high spectral resolution and hence a low LOD for sensing.
Microdroplets offer the best surface quality of any ring resonators available, resulting in
negligible surface scattering induced loss. Consequently, the Q-factor of a microdroplet is
usually as high as 10%, mainly determined by the optical absorption of the solvent.

Despite being a good platform for the purpose of rapid proof-of-concept and basic
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Fig. 2.2 Various ring resonator configurations. (A) Microsphere. (B) Silicon-on-insulator planar ring
resonator. (C) Slot waveguide ring resonator. (D) Capillary based ring resonator fabricated by the
drawing method. (E) Planar ring resonator array. (F) Microtoroid. (G) Capillary based ring resonator
fabricated by the rolled-up method. (H) Microfiber coil based ring resonator. Reprinted from Ref. [4]
with permission.

research, it is challenging to mass produce and integrate microspheres into an array
format for most practical applications. The integration with microfluidics for efficient
sample delivery continues to be very difficult. Additionally, the polymer based ring
resonator suffers from relatively low Q-factor, which may limit their sensing performance.

(2) Ring, disk, or toroid-shaped resonators fabricated with dielectric materials
(such as silicon-on-insulator and polymers) on a silicon wafer [22, 24, 33, 34, 37, 54-64].
They can be mass-produced using micro/nanofabrication technologies and scaled up to an
array format for multiplexed detection. One challenging task for this kind of on-chip ring
resonator sensors/lasers is the fluidic integration. Often, the solution to this requires
building a fluidic channel or flow chamber on top of the ring resonator and controlling
the sample flow via a peristaltic pump [56, 65]. Usually, these on-chip ring resonators

suffer from low Q-factors, with the best Q-factor around 10°, except the microtoroid ring



resonator, which undergoes the laser reflow process during the fabrication to a smooth
surface and hence a high Q-factor up to 10,

(3) Capillary based ring resonators [66-73]. The resonators are naturally
integrated with capillary based microfluidics for convenient sample delivery. Besides the
OFRR (Fig. 2(D)) that will be discussed in detail later, there is another capillary based
ring resonator design that uses microtubes composed of rolled up semiconductor
materials (Fig. 2(G)) [68-74]. While these tubes are much better suited for on-chip
integration, their performance is limited by its low Q-factor, which is usually lower than
10° [68].

(4) Micro/nano fiber coil based ring resonators [75-86]. They take advantage of
convenience in optical fiber coupling and support moderately good Q-factors (on the
order of 10°) at diameters below 200 um [84], even down to 15 pum [76]. However, they
are delicate and difficult to handle. Mass production and integration of micro/nanofiber

ring resonators into a device have yet to be demonstrated.

2.2 Optofluidic ring resonator
2.2.1 Configuration

The OFRR platform is illustrated in Fig. 2.3. The OFRR is a micro-sized fused-
silica glass capillary that acts simultaneously as a microfluidic channel for sample
delivery and as a ring resonator for sample detection (sensor) or provide optical feedback
(laser). The diameter of the capillary is typically around 100 pm. The ring resonator is

formed in the circular cross section of the capillary, where WGMs are guided through
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Fig. 2.3 Schematic illustration of the OFRR platform.

total internal reflection by the capillary inner and outer surface. What makes OFRR
special as compared to other glass capillaries is that its wall thickness is sufficiently thin
(i.e., <5 um) so that WGM has an evanescent field that extends beyond both inner and
outer wall (see Fig. 2.1(B)). The WGM evanescent field near the inner surface is
repeatedly interacting with the liquid/gas analyte that flows through the OFRR capillary.
When OFRR is used as a gas sensor, the presence of the gas molecules in the optical field
changes the effective RI experienced by the WGM. According to Eq. (2.1), this causes
the resonant wavelength to shift spectrally. The WGM spectral shift over time as the gas
sample passes through the OFRR capillary is the sensor signal. Therefore, by monitoring
the WGM shift, both kinetic and quantitative information on the analyte can be acquired.
In case of the optofluidic laser, the gain medium (i.e., organic dye solution) is flowed into
the OFRR capillary and evanescently interacts with the WGM that provides optical

feedback.



2.2.2 Fabrication

Since the thin-walled glass capillary is not commercially available, we have
assembled a computer-controlled pulling station in our lab (Fig. 2.4(A)) capable of
fabricating an OFRR up to 50 centimeters in length by rapidly stretching a fused silica
pre-form under CO, laser irradiation. Specifically, two CO, lasers (25 W, Synrad, Inc.)
are used on opposite sides to provide more evenly distributed heating. Two ends of the

capillary pre-form are mounted on the feed-in and pulling stage, respectively. Under CO,

N0\ CO, laser

(E)

Fig. 2.4 (A) OFRR fabrication setup. (B) Microscope image of an OFRR made from a capillary pre-
form. (C) SEM image of an OFRR. (D) Cross section image of tens of meters of OFRR made at OFS
using a commercial optical fiber draw tower. (E) The OFRR made at OFS. Polymer coating outside of
the OFRR capillary adds flexibility and mechanical strength.
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laser irradiation, the pulling stage is moved quickly away from the heating zone while the
feed-in stage is slowly pushed toward the heating zone, keeping constant mass of glass in
the heating zone. The laser power and stage moving speed can be adjusted in computer
codes developed using LabView software (National Instruments). The whole apparatus is
enclosed in an acrylic box to reduce the air fluctuation to the laser heating zone on the
capillary during pulling. Fig. 2.4(B) shows a microscope image of an OFRR capillary
being drawn from a glass capillary pre-form.

As the OFRR wall thickness is critical to its optical properties, attention must be
given to the temperature and pulling speed, as these parameters determine the final
diameter and wall thickness after pulling. Therefore, the optimized CO, power, feed-in
speed, and pulling speed are obtained by error and trial for different pre-forms. With
different geometries of capillary pre-forms, we can fabricate OFRR in a variety of sizes
(outer diameter (OD) in the range of 50-150 um). After direct pulling using this setup, a
typical 100 um OD OFRR has a wall thickness of 5 pm, as verified by SEM
characterization in Fig. 2.4(C).

The OFRR can also be fabricated using an industrial fiber draw tower for mass
production, similar to the way in which commercial optical fiber cable is fabricated.
Currently this method is being explored through the collaboration with OFS Laboratories
(Somerset, NJ). With OFS facilities, the OFRRs of kilometers can be fabricated. Fig.
2.4(D) shows the cross-sectional view of an OFRR fabricated by the fiber draw tower,
which has an OD of 125 pm with the wall thickness of 4.5 um. During the drawing
process, OFRR is simultaneously coated with polymer for mechanical protection.

Therefore, the OFRR is flexible and easy to handle (see Fig. 2.4(E)).

11



Tunable
diode laser

OFRR WGM N
Syringe Plastic - -3'-%‘- ------- n Plastic Analyte fluidic flow
pump tubing = |\\f==---------o- o £ 0moooonos tubing

Detector

Fig. 2.5 The experimental setup for OFRR characterization.

2.2.3 Characterization
2.2.3.1 Creating characterization setup

In order to characterize the OFRR, we assemble the experimental setup as
illustrated in Fig. 2.5. The OFRR is connected to plastic tubing so that the liquid solution
can be flowed through the OFRR using a syringe pump at the withdrawal mode. The
optical fiber taper is connected to a tunable diode laser (JDS Uniphase, center wavelength
1550 nm) on one end and to a photodetector on the other. Both OFRR capillary and fiber
taper are mounted on individual three-dimensional optical stages. The tunable diode laser
is periodically scanned across a small wavelength range of 110 pm while the photodector
measures the optical intensity. The OFRR is brought into contact with the fiber taper (see
Fig. 2.6(A)) and the transmission spectrum collected by a data acquisition (DAQ) card is
monitored and displayed in LabView in real-time. During each scan, when the laser

wavelength matches the WGM resonant condition (Eq. (2.1)), the light evanescently

12
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Fig. 2.6 (A) Microscope image of OFRR capillary in contact with the optical fiber taper for WGM
excitation. (B) Typical OFRR transmission spectrum. Tunable diode laser central wavelength is around
1550 nm and is scanned over 110 pm range at a frequency of 5 Hz.

couples into the OFRR and causes the measured transmission intensity to drop, leaving a

spectral dip at the photodetector, as shown in Fig. 2.6(B).

2.2.3.2 Q-factors

The loss of an optical cavity is an important parameter, as it determines the
number of round trips of the light supported by the ring resonator before it dissipates out.
Cavity loss is commonly expressed in terms of quality factor, Q, through the following
equation:

O=MA\=or, (2.2)
where A is the WGM resonant wavelength, AA is the full width measured at half
maximum (FWHM) of the intensity, o is the optical angular frequency (o=2nc/A), and t
is photon lifetime. From the intrinsic relationship between tge Q-factor and photon

lifetime, we know that a high Q-factor will lead to a low LOD in sensing and a low
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threshold in lasing. There are many loss mechanisms in an optical cavity. For OFRR gas

sensing, the total Q-factor can be decomposed into following equation:

-1 -1 -1 -1 - —1
Qtotal = Qrad + Qwall + Qsca + polymer + Qcoup[ing R (2'3)

where Qag, Qwan, and Qs are the radiation loss caused by a curved dielectric cavity,
material loss caused by the capillary wall medium, and the loss resulting from the OFRR
surface scattering. These three types of losses combined are usually called cavity intrinsic
loss. In OFRR gas sensing, a polymer layer is deposited on the capillary inner surface
(see Chapter 3 for details), and thus Qoymer denotes the combined loss caused by polymer
optical absorption and by the scattering by polymer surface/body imperfections. Qcoupling
represents the energy loss due to the optical taper output coupling. For OFRR lasers, the
optical cavity will be filled with liquid solution, which may cause additional loss, as
reflected by Qso. The total Q-factor for OFRR laser in the absence of dye molecules is

then determined by the following equation:
Qtotal_l = Qrt/zd_1 + Qwal]_1 + Qxca_1 + (gcoupling_1 + 77Qsol_1 R (24)

where Qso=27n/A0s0l, Olsol 1S the absorption coefficient of the solvent, and m is the
fraction of light in the capillary core, which is usually less than 0.1.

The radiation loss is dependent on the cavity size, and for the OFRR larger than
10 um in diameter, the WGM can have Q;aq >>10'"! [9]. Qwanand Qs are expected to be
around 10'°, which has been investigated in detail in Ref. [87, 88] on fused silica
microspheres. Therefore, the OFRR intrinsic Q-factor is around 10'’. In OFRR gas
sensing, the total Q-factor is limited by the Qpoiymer a0d Qcoupling, Which can be determined

in experiment. In OFRR lasers, for a number of commonly used solvent such as methanol,
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Fig. 2.7 OFRR Q-factor measurement. The transmission spectrum showing a WGM has a Q-factor of
7.5x10".
ethanol, chloroform, and water, Q, >> 10°, due to low optical absorption of those
solvents at the visible spectrum [89-91]. Therefore, Qa1 1S €xpected to be over 108 [92].
To experimentally measure the empty Q-factor (the OFRR core is filled with air),
the characterization setup illustrated in Fig. 2.5 is used. After a transmission spectrum is
obtained for OFRR, the Q-factor for individual resonant mode can be calculated as
O=MAL. A WGM Q-factor of 7.5x10” is measured in Fig. 2.7. Note that this Q

measurement is limited by the laser scanning step size.

2.2.3.3 Etching

After pulling the OFRR capillary as described in the Section 2.2.2, the wall
thickness may not be as thin as desired for sensing and lasing purposes. Further reduction
of the wall thickness is carried out with hydrofluoric acid (HF) etching by using two

different protocols.
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The first etching protocol is used in preparing OFRR capillaries for gas sensing
experiments in Chapter 3 and Chapter 4. A series of diluted concentrations of HF is
passed slowly through the OFRR, where the capillary inner surface is gradually etched
away. The etching starts with 12% HF solution in water. During the etching process, we
monitor the WGM spectral shift using the setup illustrated in Fig. 2.5. As the OFRR wall
thickness decreases, the WGM spectral position shifts to a shorter wavelength, according
to Eq. 2.1, since water (RI=1.33) replaces glass (RI=1.45), resulting in a smaller effective
RI. We then switch to lower HF concentrations progressively when the wall becomes
thinner and thinner, and the WGM spectral shift becomes too fast to monitor.

The second etching protocol is used in preparing OFRR capillaries for lasing
experiments in Chapter 5 and Chapter 6. The HF etching is conducted on the outer
surface of a pre-form. Specifically, the capillary pre-form is sealed with optical glue at
both ends and then immersed in 3% HF water solution for 17 hours at room temperature.
After etching, the pre-form is pulled under CO; laser irradiation using the same method
described in Section 2.2.2.

The Q-factor over 10" can be achieved in the OFRR after pulling, due to the
ultra-smooth glass surface generated from CO, laser irradiation [93]. However, the HF
etching in the first protocol causes surface roughness due to the subsequent HF etching,
thus decreasing the final Q-factor of the OFRR. The second protocol solves this problem,
because the CO, laser irradiation occurs after the etching. Consequently, the ring
resonator surface is re-generated and high Q-factors are preserved. The second etching
protocol is adopted when a high Q-factor is desired. For example, in OFRR lasing

experiments, a high Q-factor (>107) is needed to achieve an ultra-low lasing threshold.
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However, for OFRR gas sensing experiments, the effective Q-factor is limited by the loss
from polymer coating, instead of the glass surface roughness induced by the etching
process. Therefore, the first etching protocol is used because the etching process, hence

the resultant wall thickness, can be monitored in real-time with the WGM spectral shift.

2.2.3.4 Sensitivity calibration

As mentioned earlier, the OFRR wall thickness is an important parameter that
determines the strength of the light-analyte interaction and hence the sensitivity of the
sensor. The direct method to characterize the wall thickness is through SEM
measurement, however, the SEM characterization needs to break the capillary and the
measurement process easily introduces contaminants to the capillary surface, which will
degrade the Q-factor of the OFRR. Therefore, here we use an alternative noninvasive
method to characterize the wall thickness. By measuring the OFRR bulk RI sensitivity,
which is the sensor response to the RI change occurring in the homogeneous bulk
solution, we can infer the wall thickness of the capillary.

The bulk RI sensitivity (or sensitivity for simplicity) is usually characterized
using solutions of known refractive indices. In our experiment, an ethanol-water mixture
is used because the RI of different concentrations of ethanol-water solution is known, as
illustrated in Fig. 2.8. The WGM spectral shift per refractive index unit (RIU) is used to
specify sensitivity. Initially, the OFRR is filled with water to establish the WGM spectral
position as the baseline. A mixture of water and ethanol, which has a higher RI than pure
water, is then passed through the OFRR, resulting in a shift to a longer wavelength in the

WGM spectral position, as shown in the sensorgram in Fig. 2.9(A). The sensitivity is then
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Fig. 2.9 (A) Sensorgram of the WGM response to ethanol-water mixtures at different concentrations.
(B) Sensitivity calibration curve, which is a linear fitting from data points from (A).

calculated from the slope of each response curve. WGM spectral shift versus the change
in the RI is then plotted, as illustrated in Fig. 2.9(B). The data points are fitted with the

linear regression. The slope of the linear curve is the sensitivity of the OFRR sensor,

which is 38 nm/RIU for the particular OFRR shown in Fig. 2.9(B).

2.2.4 Theoretical analysis
The WGM of the OFRR can fully be described using the Mie theory by
considering a three-layered radial structure [66, 94]. The radial distribution of the WGM

electrical field of an OFRR is governed by:

AT, (k, ) (r<n)
E, (r)=4BJ,(k, mr)+CH, (k,nr)  (35r<n), (2.5)
DHr(rzl)(kn1,ln3r) (V ZFZ)
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where J,, and H,,,(U 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 n;. The terms r; and r, represent the inner and outer radius of the
OFRR, respectively, and k,,; is the amplitude of the wave vector in vacuum for the /th
order radial WGM. Using this three-layer model, the WGM spectral position, the radial
distribution of the light, and Q.4 can be obtained as a function of the wall thickness, the
OFRR size, operating wavelength, etc. In this section, Matlab is used to solve Eq. (2.5) to

illustrate two unique properties of OFRR capillary below.
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Fig. 2.10 Intensity distribution of the second order radial WGMs for two different fused silica wall
thicknesses shows that the wall needs to be sufficiently thin to expose the evanescent field to the core.
Dashed lines show the interior and exterior surfaces of the OFRR. Refractive index: n,=1.33, n,=1.45,
n3:l.0.
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Fig. 2.11 (A) Low core RI. The WGMs form at the outer glass wall and has an evanescent field in the
core. (B) High core RI. The WGM s exist at both inner and outer surface of the glass wall.

Why thin-walled capillary is necessary?

Using thin-walled capillaries (i.e., a few micrometers), a significant evanescent
field of the WGM can be present near the inner surface of the OFRR, as illustrated in Fig.
2.10. Take a 2™-order radial mode for example. When the capillary wall is thick (i.e., 7.5
pm in Fig. 2.10(A)), the WGM intensity is mostly confined within the wall region, with a
virtually negligible evanescent field in the core. In contrast, when the capillary wall
thickness is sufficiently thin (i.e., 4 um in Fig. 2.10(B)), the evanescent field of the WGM
starts to expose to the capillary core, and interacts with the analytes near the capillary

inner surface or inside the capillary, which is the key to OFRR sensing and lasing.

OFRR works with solutions of any RI

In optofluidic laser applications (detailed in Chapter 5), it is desirable that the
laser cavity is capable of operating with liquid solution of any RI. As mentioned in
Chapter 5, currently, almost all the optofluidic laser cavities can only work with liquid RI
either lower or higher than the cavity RI (depending on the specific design of the cavity).
However, the unique thin-walled structure makes the OFRR versatile to accommodate
liquid of any RI. Fig. 2.12 shows that the OFRR continuously supports the WGM that

interacts with the liquid when the core changes from low RI to high RI [95]. As shown in

20



0.8
04 +
0.0 +—}

LL© /v [ D

52 56 60 48 52 56 60

04 |-

WGM intensity (a.u.)

'
o}

Radial position (um)

Fig. 2.12 Transition of the WGM when the core changes from low RI to high RI. Core RI is (A): 1.33;
(B) 1.45; (C) 1.5; (D) 1.6. RI for OFRR wall: 1.45. Surrounding medium: air. Dashed lines are OFRR
inner and outer surface.

Fig. 2.11(A), when the RI of the liquid core is lower than that of the glass wall, the
circular cross section of the capillary forms a ring resonator that supports the WGM
bound by the OFRR outer surface and the surrounding medium. Due to the thin wall, the
evanescent field of the WGM has sufficient exposure to the capillary core so as to
provide the optical feedback for lasing. With the increased core’s RI, the WGM is
gradually “pulled” into the core, as shown in Fig. 2.11(B) and (C). When the core’s RI
exceeds that of the wall by a large amount, the WGM forms at both OFRR inner surface
and outer surface, as shown in Fig. 2.11(D). Due to the thin wall, these two sets of modes
interact strongly to form so-called photonic molecules [95, 96], which redistribute the

WGM so that the electric field exists both in the core and outside of the OFRR [95].
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2.3 Conclusion

In this chapter, a detailed introduction to the OFRR platform is given, including
fabrication, characterization, and theoretical analysis. As we have shown, the OFRR has
efficient microfluidics inherent to the capillary and is versatile to accommodate liquid of
any RI. Therefore, the OFRR is well poised for sensing and lasing applications that will

be studied in detail in the following chapters.
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Chapter 3

OFRR Chemical Vapor Detection

3.1 Introduction and motivation

Chemical vapor sensors have broad applications in environmental monitoring,
homeland security, military surveillance, and biomedical diagnosis. The desirable
characteristics of a chemical vapor sensor include ultra-high sensitivity, specific and
rapid response to certain vapor molecule, as well as the ability for on-the-spot chemical
analysis, which usually requires the sensor to be small, portable, reusable, stable, robust,
and cost-effective. Towards this end, various sensing technologies have been studied
extensively in recent years [97-102]. Among them, optical sensors are a powerful tool in
gas detection and analysis. Especially when the vapors are flammable or explosive,
optical sensor provides an inherently safe detection by eliminating the danger of igniting
the vapor during the test. A further advantage of optical sensor is that the optical signal is
less sensitive to electromagnetic noise than other detection technologies, and thus better
LOD can be potentially achieved.

According to the sensing mechanism, optical vapor sensors can be divided into
the following four categories: optical absorption measurement (i.e., direct absorption

measurement [103-106], Fourier transform infrared spectroscopy [107, 108],

23



photoacoustic spectroscopy [109], and cavity ring down spectroscopy [110]),
photoluminescence measurement [111], Raman spectroscopy [112] and surface enhanced
Raman spectroscopy [113], and RI measurement.

The RI measurement relies on the detection of RI changes caused by the
interaction of vapor molecules and the sensing material deposited on the sensor surface.
The sensing signal is proportional to the vapor concentration rather than the total mass,
which makes the technique very attractive in building miniaturized vapor sensors and
sensor arrays in field deployment and environmental monitoring as well. A variety of
optical structures have been developed to detect the RI change, including waveguides
[114], optical fibers (i. e., D-shaped) [115-117], fiber Bragg gratings (FBGs) and long
period gratings (LPGs) [117-120], Fabry-Pérot cavities [121, 122], interferometers [123,
124], photonic crystal fibers [125, 126], surface plasmon resonance (SPR) [127], and
localized surface plasmon resonance (LSPR) spectroscopy [128-130].

Recently, as another type of RI sensor, optical ring resonators are under
investigation as a promising chemical vapor sensing technique [24, 62, 131-137]. One of
the major advantages of the ring resonator is its compact size. In a ring resonator, the
light propagates in the form of WGMs or circulating waveguide modes [138]. Although
the ring resonator is only a few tens to a few hundreds of micrometers in size, the
effective detection length can significantly be enhanced due to the high Q-factors of the
WGMs, as detailed in Chapter 2. Therefore, the ring resonator technology enables large
density of sensor arrays for portable devices with multiplexed detection capability. Like
many other optical chemical vapor sensors, the ring resonator vapor sensor relies on the

polymer to provide certain selectivity towards the analytes. In the presence of vapor

24



Fig. 3.1 Various configurations of ring resonator vapor sensor. (A) Planar ring resonator. (B) Polymer
ring resonator. (C) Dielectric microsphere. Reprinted with permission from Refs. [62, 136].

molecules, the polymer undergoes RI and thickness change [24, 127], resulting in a
WGM spectral shift. Therefore, by directly or indirectly monitoring the WGM spectral
position in real time, both quantitative and kinetic information regarding the interaction
between vapor molecules and the polymer can be extracted.

So far, there are three basic ring resonator configurations that have been studied
as a vapor sensor, as illustrated in Fig. 3.1. They include (1) chip based planar ring
resonators made of solid dielectric materials such as SiON and coated with a vapor
sensitive polymer as the cladding (Fig. 3.1(A)) [24, 62, 131], (2) chip based polymer ring
resonators, in which polymer is used as the building block of the ring resonator and also
as the sensing material (Fig. 3.1(B)) [136, 137], and (3) free-standing microspheres
whose exterior surface is coated with a layer of polymer (Fig. 3.1(C)) [135]. While these
ring resonators have been investigated for sensitive detection of alcohol [24, 136],
ammonia [131], and explosives [137], they suffer from cumbersome and ineffective gas
fluidics, which is also commonly seen in many other optical vapor sensors. In some cases
these sensors are placed in large conventional gas cells with a gas flow rate as high as

tens of liters per minute [117, 139]. This not only requires a large amount of gas analytes,
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but also significantly slows down the sensing response and recovery time (a few to a few
tens of minutes may be needed [24, 136]). Both may deteriorate the sensor performance,
especially in the situation where fast response and short recovery time are needed and
where only low sample quantity is available.

To overcome the lack of effective fluidics issue seen in the current microring
resonator vapor sensors, in this chapter, we develop a novel sensing configuration using
the OFRR, which naturally integrates the ring resonator with capillary microfluidics. We
investigate experimentally and theoretically the sensing capability of the OFRR.
Experimentally, we demonstrate rapid detection of ethanol and hexane vapors,
respectively, and show the OFRR sensor can provide certain selectivity towards vapors
by coating different sensing polymers. Our theoretical studies involve analysis of WGM
sensitivity in terms of OFRR physical dimension (capillary diameter and wall thickness),
polymer coating RI and thickness, and resonant mode order and polarization. The design
guidelines are provided for ring resonator vapor sensors in order to balance their

performance in sensitivity, LOD, and response time according to the application area.

3.2 OFRR vapor sensing principle

As illustrated in Fig. 3.2, the OFRR interior surface is coated with a polymer thin
film of several tens to several hundreds of nanometers. The capillary itself functions as a
micro-sized vapor cell. During a sensing event, vapor analyte is flowed through the
capillary from one end (gas inlet) to the other (gas outlet). Due to the small size of the

capillary, the sample volume needed for one test is 30 nL assuming OFRR diameter is 65
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Fig. 3.2 The cross-sectional view of an OFRR vapor sensor.

pum and capillary length is 1 cm, which is orders of magnitude smaller than the
conventional optical vapor sensors reported previously. The excellent capillary fluidics
also benefits the sensor response and regeneration time, which makes fast detection of
chemical vapors possible. The circular cross section of the capillary forms an optical ring
resonator, where WGMs are supported by total internal reflection of the light along the
curved inner/outer boundary [138]. The WGM can be excited at any place along the
OFRR by a tapered fiber in contact with the OFRR capillary. The WGM resonant
wavelength (or spectral position), Awgwm, 1s governed by Awgm = 2nRneg/m [45], where R
is the OFRR radius, n.sr is the effective RI experienced by the WGM, and m is an integer.
Since the OFRR capillary wall is thin (<4 um), the WGM has significant electric field in
the polymer layer. When vapor molecules are delivered into the OFRR, they are absorbed
and diffuse into the polymer. The interaction process cause changes in polymer RI and

thickness (polymer may swell or shrink). Both effects will result in a change in nes, and
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hence Awgwm. By monitoring the WGM spectral shift in time, the quantitative and kinetic

information regarding the vapor molecule interaction with the polymer can be acquired.

3.3 Experimental studies of OFRR vapor sensing

3.3.1 Sensor preparation

An OFRR is fabricated by rapidly pulling a capillary pre-form (Polymicro
Technologies, Phoenix, AZ) under CO, laser irradiation using a home-build pulling
system. After direct pulling, the OFRR capillary has an OD around 90 um and a wall
thickness around 5 pum, suggested by SEM characterization. In order to increase the
sensitivity, the OFRR is further etched by diluted HF solution to reduce the wall
thickness and to expose a sufficient fraction of light to the polymer layer [134]. The
etching process is controlled by bulk RI sensitivity calibration (as detailed in Chapter 2)
to yield a wall thickness in the range of 2.8 to 3.0 um. Each OFRR is calibrated
separately before use. Helium is used to dry the OFRR capillary interior surface after
etching.

The OFRR interior surface is then coated with two different polymers, moderately
polar methyl phenyl polysiloxane (OV-17, Sigma-Aldrich, St. Louis, MO) or highly polar
polyethylene glycol (PEG, Fluka, Buchs, Switzerland), for the detection of different types
of chemical vapors. The coating procedures are adapted from well-developed static
coating procedures for GC microfabricated columns [140]. Briefly, the polymer dissolved
in an organic solvent such as toluene, methanol, or acetone is first filled into the OFRR

by capillary force. Then both ends of the OFRR are sealed with a septum and the polymer
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solution is left in the OFRR for one hour. After this, low vacuum is applied at one end to
gradually evaporate the coating solvent out of the OFRR, followed by high vacuum for
twelve hours. All the coating procedures are carried out at room temperature. The
thickness of the polymer coating can be controlled by varying the concentration of
coating solution and the concentration used in this study should yield an average
thickness of 200 nm. Finally, the OFRR capillary is checked under a microscope to
ensure that a uniform and smooth polymer thin film has been formed.

Smooth and uniform polymer surface after vacuum plays a key role to ensure
good OFRR sensing performance. We have observed in experiments that toluene after
vacuum is prone to leave a number of cavities of a few micrometers in diameter on the
surface. These cavities will induce additional scattering loss for the WGMs in the OFRR,
which greatly degrade the Q-factor, and hence the LOD of the OFRR vapor sensor.
Moreover, these small cavities have different adsorption characteristics compared to
smooth polymer surface. Vapor molecules may be retained for a longer time at the cavity,
which increases the response time and recovery time. Acetone and methanol are found to
be better candidates for solvents because they usually leave uniform and smooth surface

after vacuum.

3.3.2 Rapid chemical vapor sensing
In this part, we demonstrate OFRR’s capability as a rapid chemical vapor sensor.
During experiments, ethanol and hexane vapors are used as a model system and represent

polar and nonpolar analytes, respectively.
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Fig. 3.3 Experimental setup for rapid chemical vapor detection.

Fig. 3.3 illustrates the schematic of the experimental setup. Various
concentrations of analyte/air vapor mixture is injected into the OFRR capillary by a
syringe pump (Harvard Apparatus, MA) at a flow rate of 1 mL/min. Ultra-high purity
hydrogen is flowed into the OFRR before injection of the vapor samples to establish the
sensing baseline and then after each sensing measurement to purge the analytes. A
switching valve (Upchurch Scientific, WA) is used to quickly switch between the analyte
channel and the purging channel. The vapor detection can be performed at any locations
along the OFRR capillary, through a fiber taper perpendicular in contact with the OFRR.
A tunable diode laser (central wavelength at 1550 nm) is scanned over 220 pm range in
wavelength (scanning rate: 5-15 Hz) is coupled into the WGM via the optical fiber taper.
When the light is on resonance with the WGM, it is coupled into the OFRR, leaving an
intensity dip at the fiber output end (monitored by a photodetector), which is used to
indicate the WGM spectral position. When vapor molecules pass through the OFRR, they
interact with the polymer layer, causing an RI change and thickness change in the

polymer layer, which leads to a spectral shift in the WGM. The Q-factor of the OFRR is
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Fig. 3.4 OFRR response to various part per million (ppm) concentrations of ethanol and hexane vapors.
The OFRR is coated with a 200-nm-thick OV-17 (A) and PEG-400 (B). Insets are the sensorgrams
taken by monitoring the WGM shift in real time. Reprinted from Ref. [133] with permission.

approximately 10° and the whole OFRR is placed on a plastic module covered by a glass
slide to minimize temperature fluctuations.

The inset of Fig. 3.4(A) shows the sensorgrams when ethanol or hexane vapor is
introduced to an OV-17 coated OFRR. H; is initially flowed through the OFRR to
establish the baseline. Then the valve is switched to the analyte channel. Upon the
interaction with the analyte, the WGM shifts to a longer wavelength and reaches the

equilibrium value within 10 seconds. Then the flow is switched back to H, to purge the
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OFRR, as reflected by the decrease in the WGM spectral position. There are two
phenomena worthy of pointing out, which attest to the rapid and efficient nature of the
OFRR vapor sensor. First, purge is completed within 20 seconds, much faster than the
previous ring resonator designs and many other types of optical vapor sensors. Second,
thorough purge can be achieved, as evidenced by the fact that the WGM returns to the
baseline every time after purge.

Fig. 3.4(A) plots the WGM shift obtained at the equilibrium for various
concentrations of ethanol or hexane vapor by the OV-17 coated OFRR. The sensitivity is
nearly the same for ethanol and hexane for OV-17, which contains 50% modestly polar
phenyl groups and 50% non-polar methyl groups. For a comparison, Fig. 3.4(B) plots the
sensitivity curve for ethanol and hexane using another OFRR coated with PEG-400. Both
Fig. 3.4(A) and (B) indicate that the WGM shift linearly depends on the analyte
concentration. Sensitivity for ethanol vapor with PEG is 0.5x10” pm/ppm, ten times
higher than that for hexane, as PEG-400 is highly polar, hence having higher polar
interactions and solubility for ethanol. To estimate the LOD for ethanol vapor, we use a
WGM resolution of 0.1 pm [133], which can be obtained without any active temperature

control. Based on Fig. 3.4(B), an LOD of 200 ppm for ethanol vapor can be derived.

3.4 Theoretical analysis of OFRR gas sensing performances

In an optical vapor sensor, the sensing signal depends directly on the strength of
the light-matter interaction, and thus it is important to understand the WGM spatial

distribution and calculate quantitatively the fraction of the light in the polymer layer,

32



which is responsible for producing the spectral shift. In this part, we first establish a four-
layer Mie scattering model to describe the mode spatial distribution in the OFRR vapor
sensor. Based on this model, we study the sensor sensitivity and give design guidelines to

an optical vapor sensor.

3.4.1 Theoretical description
The WGM spectral position can be solved by considering the four-layer Mie
model, as illustrated in Fig. 3.5. The radial distribution of the WGM for the four-layered

OFRR is given by [94]

AJ,, (knyr) (r<OD/2—d 1)
BJ, (kn,r)+CH ' (kn,r) (OD/2—d -t <r<0D/2-d) G.0)
DJ, (knyr)+ EH'" (kn,r) (OD/2~d <r <OD/2) ’ ‘
FH,(nl) (kn4r) (l” > OD/2)

Em,l(r) =

where J,, and Hm(]) are the mth Bessel function and the m™ Hankel function of the first
kind, respectively. The RI of the core, the polymer, the ring resonator wall, and the
surrounding medium are described by n;, n,, n3, and ny. k=27/4, where A is the WGM
wavelength in vacuum. The WGMs have two polarizations, a-mode and b-mode, with the
magnetic field and the electric field being along the cylinder longitudinal direction,
respectively.

The OFRR sensor sensitivity can be described by:

dA 04 ot OA on, Ot OA On,
== — 2. % (3.2)
dp ot Op On, Ot Op 0On, Op
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Fig. 3.5 Four-layer model for the OFRR vapor sensor. OD: ring resonator outer diameter; #: polymer

thickness; d: ring resonator wall thickness; n My N and n, are the refractive indices for the medium

inside (air), polymer, silica ring resonator, and medium outside (air), respectively.

where dA/dp is the WGM spectral shift due to the change of the vapor molecule density

in the polymer matrix, p. Z—/: and a@_/l refer to the WGM thickness sensitivity (S;) and RI
n,

sensitivity (Sgry), respectively, which are the intrinsic properties associated with the

optical modes of the coated ring resonator. o and ony are the polymer

op op
swelling/shrinkage and the RI change due to the vapor molecule absorption, which
depend on the polymer-analyte interaction. Note that the RI change can be caused by
either the polymer volume change induced by vapor molecules, or by the doping effect
due to the presence of the vapor molecules in the polymer matrix [127], as described
respectively by the second and the third term on the right-hand-side of Eq. (3.2).
RI sensitivity for the polymer RI change, Sgy, is related to the fraction of light in

the polymer, n, by [141-143]:
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where neir = mA/27R (R: ring resonator radius) is the WGM effective RI. However, the
thickness sensitivity is more complicated, which will be discussed later in Chapter 3.2.2.
While the polymer thickness change due to vapor molecules adsorption and the
thickness-induced RI change may have to be determined experimentally [123, 144, 145],
the RI change due to the doping effect can be modeled by the Lorentz-Lorenz equation
[127]:

2 2
2 1 s (3.4)
6n, 3¢g,

on,
where o is the vapor molecule polarizability. It should be noted that the polymer RI
change and thickness change may not work additively. For example, while the doping

induced polymer RI change is always positive, its thickness related RI decreases when

the polymer swells upon interaction with the analyte.

3.4.2 Theoretical analysis of the OFRR vapor sensor
Using the model presented in Chapter 3.4.1, we systematically investigate two

cases where the polymer RI is lower and higher than that of the capillary wall.

3.4.2.1 Low RI polymer coating

When the polymer RI is smaller than or close to that of the ring resonator, the
polymer layer can be regarded as an extension of the ring resonator wall, regardless of the
polymer thickness. Initially, when the polymer layer is thin, only the evanescent field

exists in the polymer layer and the RI sensitivity is low. With the increased polymer
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corresponding RI sensitivity. The RI sensitivity for the third WGM of different polarization (a-mode) is
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thickness, higher order modes start to move inward, resulting in a higher RI sensitivity
for those modes while the lower order modes are not affected much. This behavior is

shown in the insets of Fig. 3.6(A). The thickness sensitivity, S;, can be deduced from the
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slope of the curves in Fig. 3.6(A). S; is always positive. However, it drops gradually to
zero when polymer thickness increases, meaning that the sensor is insensitive to any
polymer thickness change for the thick polymer layer. The RI sensitivity, Sgj, is plotted in
Fig. 3.6(B), which increases monotonically with the increased polymer thickness. The
maximum of Sr; depends highly on the mode order. The higher order the mode, the
higher Sg; it can achieve. This is a result of Eq. (3.3), as higher order modes have more
fraction of light in the polymer. Polarization dependent Sg;is also given in Fig. 3.6(B),
showing that the b-mode has a slightly higher sensitivity than the a-mode.

For the OFRR-based vapor sensor, the ring resonator wall thickness has a
significant impact on the sensor performance. Since the polymer layer is treated as the
extension of the ring resonator, the relative thickness between the wall and the polymer
determines the radial intensity distribution of the WGMs. As a result, the fraction of light

and hence the RI sensitivity is lower with a thicker-wall ring resonator, as shown in Fig.
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Fig. 3.7 RI sensitivity as a function of the OFRR wall thickness for the first three WGMs. The polymer
thickness is fixed at 1 mm. Other parameters are the same as in Fig. 3.6. Reprinted from Ref. [134] with
permission.
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3.7. Eventually, the RI sensitivity drops to zero when the wall is sufficiently thick, in

which case, the WGM is predominantly confined within the wall.

3.4.2.2 High RI polymer coating

When a polymer of sufficiently high RI is used as the coating material, the
WGMs exhibit completely different behavior. Initially, the light is confined within the
ring resonator wall as a wall mode. With the increased polymer thickness, the polymer
starts to support a new set of WGMs that interact with the wall modes to form a so-called
photonic molecular mode that has characteristics from both wall mode and polymer layer
mode [95, 96]. Fig. 3.8(A) shows the dispersion for the three lowest modes in such a
polymer coated ring resonator. The energy splitting occurs when the 1% order wall mode
(shown as the dashed line in Fig. 3.8(A)) intersects the polymer modes. Eventually, when
the polymer is sufficiently thick, polymer modes and wall modes are de-coupled. This is
equivalent to creating a new polymer ring resonator in a capillary and the glass capillary
simply acts as the physical substrate. Fig. 3.8(B) shows such a transition for the 2" order
mode.

The RI sensitivity, Sgy, of the above sensor structure is given in Fig. 3.9. Whereas
the sensitivity for the 1% order mode increases monotonically with the increased wall
thickness, the sensitivity for the 2™ and 3™ order modes oscillates significantly. In
particular, Sg; becomes nearly zero at certain regions that correspond to the plateaus in
Fig. 3.8(A), where the mode possesses the dominant characteristic of the wall mode (e.g.,
the mode in the second figure of Fig. 3.8(B)). After the de-coupling process, all modes

approach their respective maximal sensitivity. The thickness sensitivity, Sy, is generally
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positive. However, at the region of plateau in Fig. 3.8(A), it becomes nearly zero,
meaning that the OFRR sensor is insensitive to any polymer change induced by chemical

Vvapors.

3.4.3 Discussion
3.4.3.1 Limit of Detection
The LOD of the ring resonator vapor sensor is determined by its sensitivity and its

minimally resolvable spectral shift (OA)m, i.e.:

DL:%

A) (3.5)

(0M)m 1s usually chosen to be 1/20 — 1/50 of the WGM resonance linewidth [48], which
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Fig. 3.9 RI sensitivity as a function of polymer thickness for the first three WGMSs. The polymer is
coated on the inner surface of the ring resonator. The simulation parameters are the same as in Fig. 3.7,
except that the polymer RI, n3, is 1.7. Reprinted from Ref. [134] with permission.
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inversely proportional to the ring resonator’s Q-factor given by [88]:

_ 2mn

Aoy’ (3.6)
where o is the polymer optical attenuation coefficient. It should be emphasized that
although a thicker polymer layer may result in a higher sensitivity (e.g., a larger Sgy), it
does not necessarily lead to a better LOD, as polymers typically have a much larger
attenuation coefficient than fused silica wall. Excessive exposure of the WGM in the
polymer layer may significantly degrade the WGM Q-factor and hence the LOD.
Therefore, for those polymer ring resonators formed on a chip (the second configuration)
and those formed by coating the exterior surface of a microsphere/cylinder with a thick
polymer layer (the third configuration), their LOD may not be optimal.

We now apply our simulation results to analyze the performance of the OFRR
based vapor sensor, assuming that the doping effect is dominant. Considering that a 1 um
thick polymer layer with RI of 1.47 is coated on the OFRR inner surface and using the
parameters given in Fig. 3.6(B), a RI sensitivity of approximately 400 nm/RIU for the 31
order WGM can be obtained. Further assuming that the polymer absorption loss is 1
dB/cm, which is equivalent to an attenuation coefficient = 0.23 cm™, and using Eq.
(3.6), we achieve Q = 5x10°, at L = 1550 nm, n = 1.45, and 1 =50%. Although
practically the Q-factor of the ring resonator could be degraded due to the roughness of
the coating, a relatively high Q-factor can still be obtained. In fact, a Q-factor over 10°
has been demonstrated with a 1.5 pm thick polymer coating on the inner surface of a ring
resonator [146]. Assuming that we are able to resolve 1/50 of the resonance linewidth [49]

and that the temperature induced WGM spectral fluctuation can be controlled below 0.1
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pm at 1550 nm, we arrive at a sensor spectral resolution of 0.1 pm, which has also been
experimentally demonstrated recently [133]. As a result, the sensor LOD is estimated to
be 2.5x107 RIU.

Equation (3.4) relates the RI change in the polymer layer to the vapor molecule
density in the polymer matrix, which is further related to the vapor concentration in free

space, po, by K = p/ p,, where K is the partition coefficient ranging from a thousand to

hundreds of thousand [147, 148]. Using K = 1000 and Nao/(3g9) = 30 cm’/mol (N is the
Avogadro's number), which are typical for many types of vapor molecules [127], we have
8(ny) = 2.4x10° RIU/ppm at room temperature and the atmospheric pressure. This result
is close to the experimental data [127, 133]. Using the LOD of 2.5x10” RIU for RI, we
obtain a concentration LOD of 0.1 ppm for chemical vapors.

For the polymer thickness induced WGM shift, we use the same parameters as in
the previous discussion (i.e., t=1 pum and the 3" WGM) and assume that the thickness
swelling coefficient is 10®/ppm [144, 145], which results in a 0.03 pm/ppm in the WGM
shift based on the simulation in Fig. 3.6. Further using the 0.1 pm spectral resolution, we
arrive at a LOD of 3.3 ppm for chemical vapors. Note that in practice, both polymer
swelling and the RI change may co-exist and their relative contribution to the WGM shift
may vary, depending on the polymer and its interaction with the analyte. However, the

derivation discussed above should still be valid.

3.4.3.2 Sensor response time
In the previous section, the sensitivity and the LOD are deduced based on the

assumption that the vapor molecules is fully adsorbed by the whole polymer layer and
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reaches equilibrium with the polymer. However, for rapid vapor detection and gas
chromatography, the diffusion time for vapor molecules to reach the location in the
polymer with the highest light intensity need to be taken into account in sensor
development. Typically, the diffusion constant for vapor molecules is on the order of 10
_10" em? s [127, 148]. Therefore, it takes tens of seconds for the detection signal to
achieve its saturation value [127]. Sensitivity may have to be compromised for quick
detection. For example, when the polymer thickness is reduced to 0.5 um from 1 pm, the
diffusion time will be shortened by 4 times, but in the meantime, the RI sensitivity
presented in the previous section will drop to 200 nm/RIU (see Fig. 3.6(B)). This
problem could be mitigated by using a high RI polymer. With the same 0.5 um thickness,
a RI sensitivity of nearly 600 nm/RIU is achieved (Fig. 3.9), provided that the diffusion
constant remains unchanged. A polymer with a high partition coefficient may also be

used for a higher vapor density in the polymer matrix.

3.5 Conclusion

In this chapter, we have developed an OFRR based vapor sensor, which exhibits
fast detection and recovery time with a flow rate of only 1 mL/min. The fast response is
credit for the OFRR’s excellent build-in microfluidics that can deliver the gas sample to
the sensor head efficiently without any dead volumes. Detection of two representative
chemical vapors, ethanol and hexane, were studied experimentally, with a linear dosage
curve established using two different polymer coatings. The LOD for ethanol vapor is

around 200 ppm in terms of concentration. Theoretical analysis shows that the RI LOD of
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the OFRR is over ten times better than the existing ring resonator technology, which can
further be enhanced with a thicker polymer layer at the cost of sensor response time.

Additionally, we used the four-layer Mie model to study the OFRR gas sensing
performance and carried out systematic theoretical analysis of sensor sensitivity towards
sensor physical structure and polymer coating. The results are meaningful not only to
OFRR gas sensor design, but to other optical RI based gas sensors as well.

Future work will be carried out to improve the detection sensitivity while
maintaining the fast response time. Packing OFRR capillaries into a PDMS chip to build
sensor arrays would also be important in practical application, especially in
environmental monitoring where large-scale and distributed sensing scheme is needed.
Furthermore, different kinds of polymers can be used to coat OFRRs, and thus to

generate patterned response towards individual vapors to improve the sensing specificity.
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Chapter 4

OFRR Micro-Gas Chromatography

4.1 Introduction and motivation

In Chapter 3, we have demonstrated that the OFRR is an excellent platform for
the development of fast response optical vapor sensors. However, the most significant
drawback with the RI detection is the lack of the detection specificity. Although different
kinds of sensing polymers can provide certain selectivity towards VOCs according to
their molecule polarity, volatility, molecular structure, and functional groups, the RI-
based chemical vapor sensors are not able to specifically identify the chemical vapor
compounds. In practical applications such as monitoring environmental pollutants,
assessing human exposure to toxic chemicals, diagnosing diseases, and detecting
chemical threats in the battlefield, it is crucial for the sensor to selectively detect low
concentrations of target analyte out of complex vapor mixtures. This is a challenging task
for OFRR vapor sensors because the polymer will respond to almost all VOCs and
produce WGM spectral shift unbiased.

To solve this problem, we combine the ring resonator sensing technology and the
GC technology to selectively and rapidly identify target vapor analyte out of complex
interfering vapor mixtures. GC is a well-established and powerful analytical tool that has
high selectivity in analyte detection. In GC, the selectivity is achieved by separating the

vapor mixture into individual vapor analytes through long separation columns and
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recognizing each analyte at the end of the column through their unique retention times
[149]. However, bench-top GC is large, power intensive, and requires long analysis times.
These factors have significantly hindered its deployment as a portable technology for
field applications. Therefore, significant efforts have been invested to develop and test
the portable GC systems. Research on micro-GC (uGC) analyzers over the past ten years
has shown great potential for analyzing multi-VOC mixtures of arbitrary composition
[150-153].

In this chapter, we will investigate and develop a unique nGC system based on
OFRR for direct on-column detection of vapor VOCs. The implementation of OFRR-
based nGC system will be presented, followed by using the system in separation and
detection of 2,4-dinitrotoluene (DNT), an indicator of the existence of explosives such as
2,4,6-trinitrotoluene (TNT), out of interfering vapor mixtures. To improve the
chromatographic resolution (or separation resolution) of the uGC system, we further
study a tandem-column setting with OFRR pGC, and demonstrate separation and

detection of 12 analytes with various volatilities and polarities within 4 minutes.

4.2 Design and implementation of OFRR micro-GC system
4.2.1 Concept of the OFRR pGC

To better understand the OFRR puGC, we will first introduce the working
principle of the regular bench-top GC. In a GC system, as illustrated in Fig. 4.1(A) and

(B), a mixture of vapor analytes is introduced into the gas injector, often heated at high

temperature, and then released as a pulse carried by the inert carrier gas that travels along
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Fig. 4.1 (A) Conceptual illustration of a regular GC setup. (B) Cross-sectional view of a regular GC

column. (C) Conceptual illustration of the OFRR-based puGC setup. (D) Cross-sectional view of the
OFRR.

the GC column coated with a layer of polymeric stationary phase. Vapor molecules
partition between the carrier gas (the mobile phase) and the stationary phase within the
GC column. After components of the mixture move through the GC column, they reach a
detector, i.e., mass spectrometry (MS). Ideally, components of the mixture will reach the
detector at varying times due to differences in the partitioning between mobile and
stationary phases. Therefore, by monitoring the elution time (or retention times) at the
end-column detector, each component in the sample mixture will be uniquely identified
on the chromatogram. The area under the peak on the chromatogram is proportional to
the quantity of one component in the vapor mixture. To achieve optimal separation, it is

important to select the GC column with proper stationary phase according to the sample
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analyzed. As illustrated in Fig. 4.1(B), the GC column is a thick-walled glass capillary,
coated with polymer (100-200 nm) inside of the column as the stationary phase. The
column inner diameter (ID) is usually around 100-250 um.

Following the same concept of GC, we developed the OFRR-based uGC system,
as shown in Fig. 4.1(C) and (D). In this system, the OFRR has a dual function of
separation column and the micro-optical detector. By coating the capillary inner surface
with a thin layer of polymer as stationary phase, OFRR is essentially a GC column,
capable of separating vapor mixture according to the interaction of chemical compounds
and the stationary phase. The only difference between the OFRR and regular GC column
is that OFRR has a thin wall (< 4 um). However, wall thickness does not affect the
separation process. Additionally, the cross section of the OFRR forms a high-Q micro-
ring resonator, which responds quantitatively to chemical vapors flowing through the
capillary in real-time, as studied in Chapter 3. Through optical tapered fiber coupling at
one location or multiple locations on the OFRR, GC separation column and detectors are
naturally integrated into one piece. Since the detection is carried out directly on the GC
separation column, in contrast to the end-column detectors used in conventional GC
system, our detection scheme is called on-column detection. On-column detection not
only provides greater detection flexibility since it is capable of detecting vapor analytes at
any locations along the OFRR, but could also provide additional information about co-
eluted analytes, which are impossible to be identified by an end-column detector.
Furthermore, the OFRR based nGC has a few additional distinct advantages. First, the
OFRR serves a dual purpose as both a GC separation column and micro-detector. No

additional end-column detectors are needed. Such integration greatly simplifies the pGC
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design, thus improving pGC reliability and enabling device miniaturization. Second, as a
nGC detector, the OFRR has no internal volume, short rise time, and ultra-low intrinsic
noise level. The laser and photo-detector in the OFRR pGC system are potentially
capable of operating at a high data acquisition rate (*MHz), which are highly desirable
attributes for fast uGC systems. Third, the unique on-column analysis enables detection
at any pre-determined locations along the OFRR without interfering with the gas flow
inside, which is not feasible with conventional GC detectors that are separated from the
column. Fourth, the OFRR is capable of performing multi-point on-column detection by
placing tapered fibers at any location along the separation column. Therefore, analytes
can be well separated on at least one of the detection locations. Moreover, with multiple
detection points on the OFRR column the entire separation process can be monitored. All
of these help avoid the complicated and costly modulation procedures and allow for rapid
profiling and screening of large varieties of analytes. Fifth, efficient capillary
microfluidics and in-situ analyte separation and detection within the same column reduce
the fluidic dead volume to a minimum, and thus reduce the band broadening effect along
the column. Sixth, the circular cross section of the OFRR is fully compatible with
conventional GC columns (see Fig. 10(C)) and related testing equipment without
introducing any added dead volumes. Therefore, the OFRR can either be used
independently as a separation column and on-column detector or can be used in
conjunction with a regular GC column. Seventh, the OFRR based nGC system can be
made inexpensively. The fabrication and detection methods are simple and
straightforward, and the system can be scaled-up for multiplexed and parallel detection to

significantly enhance the separation capability and detection speed.

49



4.2.2 Demonstration of OFRR pGC concept

To demonstrate the proof-of-concept of the OFRR’s separation and on-column
detection, several vapor analytes are used as a model system. The OFRR is coated with
100 nm PEG using the static coating method as detailed in Chapter 3. The optical
detection scheme is the same as detailed in the OFRR vapor sensing experiments
previously, which is also illustrated in Fig. 4.1(C) and (D). The detection is achieved by
optical taper coupling of WGMs at a position of 3 cm downstream from the OFRR
capillary inlet. In the experiment, a GC injection port (Agilent GC 5890 II) is used to
generate the vapor pulse. A short segment (ca. 100 cm) of nonpolar deactivated phase
fused silica capillary (0.25 mm ID) is used to bridge the injection port and the OFRR
capillary inlet. The analytes are sealed individually in 10 mL sample vials. The solid
phase microextraction (SPME) fiber with a 65 um coating of polydimethyl
siloxane/divinyl benzene (PDMS/DVB) (Supelco) is exposed to the headspace for
different sampling times to pick up proportional amounts of analyte, and then released at
a GC injection port that was heated to 250 °C. Ultra-high purity (UHP) helium is used as
the carrier gas at a flow rate of 6.8 mL/min measured at the outlet of the OFRR capillary.
The split ratio of vent flow to column flow is 5:1.

Fig. 4.2 shows the chromatograms of toluene/decane (Fig. 4.2(A)),
decane/dodecane (Fig. 4.2(B)), hexane/decane (Fig. 4.2(C)), and toluene/DMMP (Fig.
4.2(D)). All the analytes could be well-separated at room temperature. Toluene, hexane,
and decane vapors have a rapid response, with a peak width of sub-second. The rise time
for DMMP is 1.25 seconds and it has strong tailing effect due to the strong interaction of

DMMP and polar PEG coating. Additionally, the residual active sites in the OFRR
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Fig. 4.2 Separation and detection of different analytes with a PEG-400 coated OFRR uGC

column may also increase the tailing effect, since compared to commercial GC columns,
our column coating procedure does not introduce the surface deactivation layer between
the polymer coating and the glass surface. Dodecane has a relatively low response time of
2 seconds because of the low volatility at room temperature. This experiment clearly
shows efficient separation and rapid on-column detection can be achieved through
several centimeters long OFRR capillary. The ability to separate samples over a short

distance is enabled by the small ID of the OFRR.
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4.3 Rapid explosive vapor detection

Detection of explosives is a challenging task for the development of portable
vapor sensors due to their extremely low volatility. Several methods have already been
demonstrated with ultra-high sensitivity towards the common explosive compounds, such
as DNT, TNT, PETN, and RDX [109, 154-156]. For the pure analyte sample, where only
a single analyte is present, the detection limit can be pushed down to the sub-part-per-
billion (ppb) level. However, for practical applications, especially in the battlefield, at
airport security checkpoints, and for air monitoring with counter-terrorism purpose, it is
crucial for the sensor to discriminate the trace level of explosive substances out of other
usually more volatile interferences in the air. This is very challenging for most of the
miniaturized portable vapor sensors because they typically rely on polymer coatings to
provide certain selectivity. When the explosive substances are mixed with volatile
interferences, the signal from explosives is prone to be buried in the background, which
would cause false positives. In the aim of developing a portable gas analyzer with high
sensitivity, high specificity, and rapid response, we study the OFRR puGC analyzer for
explosive detection. DNT is chosen as a model system, because its chemical structure is
similar to TNT while its significantly higher volatility facilitated testing. Also, DNT is
present in some explosives and is usually used as an indicator to predict the existence of

TNT.

4.3.1 Experimental setup and condition

The experimental setup and optical detection scheme has been detailed in the

chemical vapor sensor experiments in Chapter 3.
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The OFRR used in the experiment is coated with 3 mg/mL PEG 1000 to yield an
average thickness of 60 nm. The OFRR used is 3.5 cm in length and the detection
position is approximately one centimeter from the OFRR inlet, which is connected to a
GC injection port through a nonpolar deactivated phase fused silica capillary (0.25 mm
ID, 35 cm in length) wrapped in a transfer line, which is heated to approximately 65 °C to
avoid DNT condensation. The OFRR and fiber optic taper are covered with a homemade
plastic module to reduce the thermally induced fluctuations in the WGM spectral position
caused by surrounding air flow. All experiments are carried out at room temperature (~
20 °C), unless otherwise specified.

The analytes (DNT, nitrotoluene, or TEP) are sealed individually in 10 mL
sample vials. The SPME fiber is exposed to the headspace for different sampling times to
pick up proportional amounts of analyte, and then released at a GC injection port that is
heated to 250 °C. UHP helium is used as the carrier gas at a flow rate of 10.6 mL/min

measured at the outlet of the OFRR capillary.

4.3.2 Results and discussion
Real-time detection of 2,4-DNT vapor

Fig. 4.3 shows the real-time response of the PEG 1000 coated OFRR sensor upon
injection of DNT. The WGM starts to shift to a longer wavelength around 20 seconds
after injection, and reaches its peak value around 40 seconds. The signal completely
returns to baseline quickly afterwards, indicating that the polymer is completely

regenerated for the following sensing activities. A single sensing event is accomplished
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within only one minute at room temperature, showing great promise for detecting
explosives in a rapid and simple manner.

Fig. 4.4 plots the WGM spectral shift of the OFRR used in Fig. 4.3 (OFRR #1) in
response to various SPME extraction times. To further characterize the variations in the
OFRR sensitivity, another OFRR (OFRR #2) is made and tested. An excellent linear
response is observed for both OFRRs. Furthermore, the OFRR showe good repeatability
in the WGM spectral shift for a given DNT mass. However, a relatively large variation is
present in the OFRR sensitivity (0.41 pm/ng and 0.67 pm/ng for OFRR #1 and #2,
respectively), which can be attributed to the variations in the OFRR fabrication process

that might result in different wall thickness [134]. To estimate the detection limit of the
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Fig. 4.3 Temporal response of the OFRR vapor sensor upon injection of DNT vapor. Peak position = 41
seconds. Peak width = 13.6 seconds. DNT is extracted by SPME from equilibrium headspace of a vial
containing DNT powder at room temperature. SPME extraction time = 40 seconds. DNT is injected at 0
second. Reprinted from Ref. [172] with permission.
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Fig. 4.4 OFRR vapor sensor response to DNT vapor samples extracted with various SPME sampling
times at room temperature. The sensitivity for DNT is estimated to be 0.41 pm/ng and 0.67 pm/ng for
OFRR #1 and #2, respectively. The error bars represent standard deviation obtained from three
measurements with OFRR #2. Inset: Calibration curve obtained with a GC/MS system (Varian) for the
mass of DNT extracted by the SPME fiber under various extraction times at room temperature.
Reprinted from Ref. [172] with permission.

OFRR vapor sensor for DNT, we used a WGM resolution of 0.15 pm (3 standard
deviations) [132], which results in a detection limit of approximately 200- 300 pg for
DNT vapor, corresponding to about one second of SPME extraction time at room

temperature.

Identification of DNT out of vapor mixtures
In many chemical vapor sensors for explosive detection, a polymer is used to

capture and recognize the target explosive molecules. Since nitro groups in explosive
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compounds are great electron acceptors, a wide range of sensing polymers acting as
electron donors have been designed to recognize explosives. However, these polymers
experience challenges in detection selectivity because they will respond to interferents in
real analyte samples, especially those that also contain the nitro group or other electron
acceptors, which would cause false positives.

OFRR vapor sensors are able to differentiate the target explosive analyte out of a
series of interfering analytes in the vapor mixture by monitoring the WGM wavelength
shift in real time. Different analytes will have unique retention times according to their
affinity towards the polymer as well as volatility difference. Fig. 4.5(A) shows the
separation between DNT vapor and nitrotoluene vapor using OFRR #1. Although
nitrotoluene and DNT only have one nitro group difference in structure, OFRR vapor
sensors achieved very efficient separation between them. Since the retention time is used
as a unique criterion to provide additional selectivity, it is crucial to ensure the
repeatability from one injection to another. We test separation between nitrotoluene and
DNT vapor mixtures with various mass ratios for numerous times and all the data showe
consistent retention times. In addition, the signal amplitude is proportional to the
extraction time of the SPME fiber in equilibrium headspace. In Fig. 4.5(B), we further
show the highly reproducible and highly specific detection of DNT from a mixture
containing three different analytes. The four traces not only demonstrate the separation
capability among analytes that have relatively big difference in retention times, such as
nitrotoluene and DNT, but also show excellent separation efficiency in analytes that have
similar interaction with the polymer, indicated by the well resolved peaks with one

second retention time difference between nitrotoluene and TEP.
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Fig. 4.5 Highly repeatable detection of DNT using OFRR #1 from interference background. (A)
Separation and detection of DNT from nitrotoluene/DNT mixtures. SPME extractions are performed at
room temperature. Curves are vertically shifted for clarity. Top curve: Nitrotoluene extraction time = 3
seconds, DNT extraction time = 20 seconds. Bottom curve: Nitrotoluene extraction time = 1 second,
DNT extraction time = 30 seconds. (B) Separation and detection of DNT from nitrotoluene/TEP/DNT
mixtures. SPME extractions are performed at room temperature. Extraction time for each analyte is
varied among four operations. Curves are vertically shifted for clarity. Inset shows the details of the
first 15 seconds. Reprinted from Ref. [172] with permission.

Effects of polymer thickness and temperature

Both polymer thickness and OFRR working temperature play an important role in
the sensor performance. Fig. 4.6(A) shows the WGM response to DNT from an OFRR
coated with 200 nm PEG 1000 working at room temperature. As compared to the one
with a 60 nm polymer coating shown in Fig. 4.3, the temporal response peak position is
significantly delayed to 240 seconds with a much more broadened peak width. In addition,

the response curve has a strong tailing effect, which significantly deteriorates the sensor
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Fig. 4.6 Response of the WGM to DNT when the polymer coating thickness is 200 nm. (A) The OFRR
is at room temperature. DNT mass injected = 400 ng. Peak position = 240 seconds. Peak width = 150
seconds. (B) The OFRR is at 65 oC. DNT mass injected =~ 400 ng. Peak position = 34 seconds. Peak
width = 33 seconds. Reprinted from Ref. [172] with permission.

regeneration capability. However, when the OFRR is heated to a higher temperature (e.g.
~ 65 °C), the response peak, shown in Fig. 4.6(B), emerges at a much earlier time with a
narrower peak width, since the DNT becomes more volatile at this temperature. Also the
WGM returns to baseline, indicative of regeneration of the polymer. Regarding DNT
sensitivity, however, in comparison to Fig. 4.6(A), the WGM spectral shift at higher
temperature decreases. This decreased response is expected since the partition coefficient
for the vapor absorbed into the stationary phase polymer coating decreases with

increasing temperature. Therefore, for explosive detection, it is critical to tailor the
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polymer coating thickness as well as the OFRR operating temperature to obtain an

optimized sensitivity and time response.

4.3.3 Theoretical analysis

The DNT detection process can be analyzed using a Mie model in conjunction
with the effective medium model that accounts for the RI change induced by the
embedded analyte molecules in the polymer matrix [127, 134].

First, we need to estimate the DNT molecule density in the polymer layer, pa,

K,

P2 :[V1+KV2

1P 4.1

where V| and V, are the DNT vapor phase volume in the OFRR capillary and the
polymer volume, respectively. pg is the initial DNT molecule density in the vapor phase,
and K is the partition coefficient. Although K is unknown between DNT and PEG 1000,
it is reasonable to assume K = 60 based on the studies performed on TNT extraction
using a SPME fiber [157]. V; and V; can be estimated by considering the length of the
DNT plug travelling in the OFRR, the dimensions of the OFRR, and polymer thickness.
While the mobile (gas) phase has a large linear velocity, which is about 28 m/s in our
experiment, DNT travels at a much slower speed due to the strong interaction with the
polymer. Using the retention time in Fig. 4.3 and the distance between the OFRR inlet
and the detection position, the DNT speed can be estimated to be 0.025 cm/s, which
translates to a DNT spread of 0.34 cm along the OFRR capillary by using 13.6 seconds of
the DNT peak width. As a result, V; = 2.1x10" m® and V, = 5.8x107 m3, and
subsequently po = 0.26 mol/m’ and p, = 13.4 mol/m’ can be obtained for 1 ng of DNT

injected.
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Fig. 4.7 Calculated WGM spectral shift as a function of the RI change in the polymer layer using a
four-layer Mie model with OD = 90 pum, wall thickness = 3 pum, and polymer thickness = 60 nm, The
sensitivity is 4.3 nm/RIU. Reprinted from Ref. [172] with permission.

The RI change in the polymer layer, An, due to the DNT molecules embedded in

the polymer can be estimated using the effective medium model or Lorentz-Lorenz model
[127, 134]:

2 2
Al’l _ (npolymer + 2) NAa

x[
6-n 3&,

]'pz > (42)

polymer
where a is the vapor molecule polarizability, nyome-(e.g., 1.47 for PEG) is the RI for the
polymer layer, N4 is Avogadro's number, and & is the dielectric constant for vacuum.
Using N /3 & = 4x10” m*/mol for DNT [158, 159], we arrive at An = 1x107 RIU for 1
ng of DNT.

The OFRR sensitivity can be simulated using a four-layer Mie model that
includes the air core, polymer layer, OFRR wall, and the surrounding air, as detailed in

Chapter 3. Fig. 4.7 plots the linear WGM spectral shift as a function of the RI change in
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the polymer layer, using the OFRR OD of 90 um, the wall thickness of 3 um, and the
polymer thickness of 60 nm. The sensitivity based on the slope in Fig. 4.7 is
approximately 4.3 nm/RIU, which further leads to a sensitivity for DNT of 4.3 pm/ng.
This result is approximately 10 times higher than that obtained experimentally (0.41
pm/ng). The discrepancy can be attributed to the lack of detailed information about the
OFRR wall thickness, the polymer thickness, and the partition coefficient in theoretical
analysis, and the possible analyte loss at the connectors and along the column during the

experiment.

4.4 Tandem-column micro-GC

4.4.1 Motivation

Although research on uGC analyzers over the past ten years has shown great
potential for portable, rapid, and low power consumption pGC systems [150-152, 160-
166], due to the limited length of the separation columns employed (usually one meter), it
suffers an inherent constraint with regard to separation resolution; multiple analytes may
co-elute at the end of the short column, which limits the complexity of the mixtures it can
effectively analyze.

In order to maintain fast separation while improving the selectivity, a pGC system
consisting of coupled tandem columns coated with different stationary phase has been
proposed [167-169]. In this system, a nonpolar or slightly polar phase column is usually
used as the first separation column, followed by a short polar phase column. Analytes are

basically separated according to their volatility on the first column and then further
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separated according to their polarity on the second column, resulting in greatly increased
separation power. In a typical tandem-column pnGC setup, an adjustable pressure control
valve is used at the tandem-column interface to address the co-elution problem occurring
at the end of the tandem-column. The valve tunes the carrier gas velocity, hence the
analyte retention, in both columns, with each set of retention combination being
employed to avoid co-elution of a specific set of analytes in the sample [151, 161, 162,
170, 171]. Although enhanced selectivity is achieved, the valve operation is sophisticated
and the sample needs to be tested several times under different retention conditions in
order to separate all the chemical compounds in it.

In this chapter, we will study OFRR-based tandem-column puGC system to
improve the separation resolution. Due to OFRR’s unique multi-point on-column
detection capability, the tandem-column separation can be employed in a simple manner,
without using valve or modulator at the interface of the two columns. We will use twelve
representative analytes with various volatilities and polarities to demonstrate the
performance of tandem-column separation of the OFRR based nGC system. Further, we
will demonstrate the system’s capability of on-column monitoring of the separation

process for the target analyte in a vapor mixture.

4.4.2 Experimental setup

A schematic of the experimental setup of the OFRR-based tandem-column pGC
system is shown in Fig. 4.8. As illustrated in Fig. 4.8(A), the first column (180 cm) is a
conventional low polarity GC column, followed by a second, relatively short (~ 10 cm),

home-fabricated OFRR column coated with a polar stationary phase. Two detection
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Fig. 4.8 (A) Conceptual illustration of tandem-column separation based on OFRR pGC. A nonpolar
phase regular GC column is connected with a relatively short polar phase coated OFRR column through
a press-tight universal connector. A tunable diode laser is coupled into two fibers in contact with the
OFRR. The first fiber is placed at the inlet of the OFRR and the second one a few centimeters
downstream along the OFRR, defining two detection locations, respectively. (B) Cross sectional view
of the OFRR. The WGM is excited through the fiber perpendicularly in contact with the OFRR and
circulates along the circumference of the OFRR. The WGM spectral position changes in response to the
interaction between the polymer coating and vapor molecules. (C) A picture of the OFRR with two
tapered fibers separated by approximately 6 cm. A white line is drawn along the OFRR column to guide

the eye. Reprinted from Ref. [38] with permission.

locations are chosen, one at the inlet of the OFRR, right after the first column, and the
other one a few centimeters away from the first detection point, to monitor the separation
in the first column and the second column, respectively. Since OFRR on-column
detectors record the retention time independently and provide complementary
chromatograms for each chemical compound, co-elution at the terminal end of columns is

no longer an issue for the OFRR based tandem-column pGC. By monitoring retention
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times at multiple locations along the OFRR column, analytes can be well separated on at
least one detection location. As a result, no complicated and costly modulation at the
interface of two columns is required.

The analyte samples are extracted from equilibrium headspace using a SPME
fiber with a 65 um coating of PDMS/DVB (Supelco) at room temperature and then
introduced through the GC injection port, which is heated to 250 °C. The first column
consists of a fused-silica capillary with 0.1-mm ID and 180 cm in length. Its interior
surface is coated with 0.1 um nonpolar poly(dimethylsiloxane) bonded stationary phase
(Rtx-1) or 0.1 pum slightly polar 5% diphenyl 95% dimethyl polysiloxane (Rtx-5). The
second column is an OFRR capillary with a 90 pum OD, 84 um ID, and 15 cm length. It is
coated with a polar stationary phase, PEG 1000, with a coating thickness estimated to be
approximately 80 nm. The Rtx-1 (or Rtx-5) column and the OFRR capillary are
connected in tandem by a universal quick seal column connector (CP 4787, Varian). A
tunable diode laser (JDS Uniphase, center wavelength 1550 nm) is scanned over 110 pm
spectral range at a scanning rate of 5 Hz. The laser light is guided by a single-mode fiber
and then directed into two branches of tapered fiber through a fiber coupler (Thorlabs,
Newton, NJ). The tapered part is approximately 3 um in diameter and is placed in contact
with the OFRR column to excite the WGM, thus defining a detection location. The first
tapered fiber is placed at the OFRR column inlet to monitor in real-time the analytes
separated by the first column. The second tapered fiber is placed at a location 6 cm away
from the first one to monitor the retention time of each analyte separated by both columns.
The chromatograms are recorded at these two locations unless otherwise specified. The

retention time differences from the two channels indicate the separation of the analyte
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along the 6 cm polar-phase coated OFRR column. A photodetector (New Focus 2033) is
used at the distal end of each fiber to monitor the output light intensity. When the laser is
scanned through a wavelength on resonance with WGM supported by the OFRR, a
spectral dip is observed, as shown in Fig. 4.8(B), which could be used to indicate the
WGM spectral position. The WGM spectral position changes in response to the analyte
passing through the detection point. The data are collected by a data acquisition card
(National Instruments NI USB 6211) for post-analysis. UHP helium is used as the carrier
gas at a flow rate of 0.86 mL/min. The first column is wrapped in a transfer line
maintained at an isothermal temperature of 50 °C (unless otherwise specified), and the

OFRR column is operated at room temperature (~ 23 °C).

4.4.3 Experimental results and discussion

First-column separation and detection

As illustrated in Fig. 4.8, the first tapered fiber is placed at the beginning of the
OFRR capillary column, right after the end of the first traditional Rtx-1 GC column, and
is used to monitor the separation achieved by the first column. In order to demonstrate the
capability of detecting and monitoring the elution of analyte compounds from the first
column in real-time, a vapor mixture of alkanes, including heptane, octane, decane,
undecane, and dodecane, is tested. Fig. 4.9(A) shows the retention time of each analyte
detected by the two tandem detectors along the OFRR column 6 cm apart. The
chromatograms from the first detector show that five alkane analyte peaks are well
resolved. Notice that no additional increase in retention time is observed on the second

detection channel for the alkanes, which is an expected finding as alkanes have relatively
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Fig. 4.9 Chromatograms of alkanes. Top trace is recorded by the first detector, showing retention times
of each analyte separated by the first Rtx-1 column kept at 50 °C (A) and 150 °C (B) isothermal,
respectively. Bottom trace shows the corresponding retention times recorded by the second detector 6
cm away from the first detector. Details of the analytes are listed in Table 4.1. Curves are vertically
shifted for clarity. Reprinted from Ref. [38] with permission.

weak interactions with polar stationary phases. The fronting peak profile is caused by
overloading the first column. Since the polar stationary phase coated on the OFRR has
weak interaction with nonpolar analytes (causing smaller changes in polymer refractive
index/thickness), the WGM spectral shift in response to those analytes is usually small, as
discussed in our previous work.[133, 134] Consequently, during experiments we inject a

significant amount of alkanes into the system in order to obtain a sufficient response from
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the polar-coated OFRR, which is in sharp contrast to the highly sensitive response from
the same OFRR when the polar analytes were used.[133, 172] Therefore, the OFRR with
a polar coating will favorably detect the polar analytes out of nonplar analytes. As
discussed later, this unique feature is highly desirable in many applications when the
analytes of interest are often highly polar, but mixed with low polarity background
interferents (such as alkanes). The insensitive response of the polar-coated OFRR to those
low polarity interferents allows us to minimize the effects of the background and single
out the trace quantity of polar analytes. Likewise, if sensitive nonpolar analytes detection
is needed, the OFRR coated with the nonpolar phase can be used, which will have good
rejection towards polar analytes.

In order to improve the alkane peak profile and reduce the fronting effect, we
increase the first column temperature to 150 °C isothermal while leaving OFRR
temperature unchanged. In this case, alkanes would have smaller partition into the
stationary phase, and therefore become less retained. As expected, the fronting effect is
significantly reduced and the chromatogram in Fig. 4.9(B) exhibits more symmetrical and
sharper peaks compared to those at isothermal 50 °C in Fig. 4.9(A). The dodecane peak
width measured at the baseline was improved from 44 seconds to 21 seconds. Undecane
and decane baseline peak width were only 8 seconds and 3 seconds, respectively. Since
heptane and octane analyzed under the elevated temperature become too volatile, they
present no adequate separation after traveling through the 180 cm Rtx-1 column,
therefore their peaks were not shown in the Fig. 4.9(B).

According to theoretical and experimental studies, the amplitude of the peak

(WGM spectral shift) is linearly proportional to the mass of vapor analyte injected.[134,
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172] However, in Fig. 4.9(A) the WGM used in the front sensing channel exhibits a lower
sensitivity than the WGM used in the back sensing channel since the peak amplitude
measured by the first detector was smaller than the one measured by the second detector.
WGM sensitivity difference between two channels is possibly due to the OFRR wall
thickness difference after etching, PEG coating thickness variation along the capillary, or
different order of radial mode used for the measurement.[134, 172] Note that these
amplitude differences do not reflect mass differences at two detection locations. In fact,
the relative peak amplitudes for all analytes remain the same at both detection channels.
In actual applications, a reference sample with known quantity will be used to calibrate
the system and the sensitivity difference between the two channels will thus be ratioed

out.

Tandem-column separation and detection

The major advantage of tandem-column separation is that all components in a
sample will go through two individual separations during one single analysis process and
will be analyzed based on their respective volatility and polarity, thus significantly
improving the identification, especially for discriminating high polarity analytes from
low polarity background species. Fig. 4.10(A) shows that the co-elution of decane and
DEMP from the first Rtx-1 column can be very well separated by the PEG 1000 coated 6
cm OFRR column. According to the GC retention index that indicates the relative
retention time of alkanes from a nonpolar stationary phase (see Table 4.1), decane and
DEMP have the same GC retention index. As a consequence, they are difficult to separate

on short nonpolar column. However, during the second separation through the OFRR
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Fig. 4.10 Chromatograms from the two detection channels. The upper trace shows the separation from
the 180 cm Rtx-1 column (50 °C) and the lower trace shows the further separation by a 6 cm PEG 1000
coated OFRR column (~ 23 °C). Co-elution of Analyte #3 and #8 in (A) and Analyte #4, #9, and #12 in
(B) from the first GC column is well separated by the second OFRR column. The inset of (A) shows the
chromatogram for DEMP from the two channels. Curves are vertically shifted for clarity. Reprints from
Reprinted from Ref. [38] with permission.

column, the polar analyte DEMP gained an additional 10 seconds in retention as shown in
Fig. 4.10(A), whereas the retention time for decane remained the same (see Figs. 4.9(A)
and 4.10(A)). To verify that the separation between decane and DEMP indeed took place
in the OFRR, the inset of Fig. 4.10(A) plots the chromatogram of DEMP alone from the

two channels. In addition, the inset also indicates that the kink right after the main peak
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of DEMP might be due to an impurity in the DEMP sample, instead of interference from
the decane peak. Fig. 4.10(B) shows the chromatogram of six compounds injected
simultaneously. If only separated by the Rtx-1 column, the undecane peak is buried in the
stronger peak of 2-NT while DMNB is barely resolved right after the 2-NT peak. Since
the three analytes have different polarities, it is clear that after travelling through a 6 cm

long OFRR column, all three peaks are well resolved.

Capability of analyzing complex samples

To further demonstrate the tandem-column separation capability of the OFRR
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Fig. 4.11 Chromatograms of twelve analytes with various volatilities and polarities obtained by the two
detection channels. The whole analysis is completed within four minutes. Two groups of co-elution
from the first 180 cm Rtx-1 GC column (50 °C) (upper trace) are well resolved after the second 6 cm
OFRR column (~ 23 °C) separation (lower trace). The experiments are performed twice (Run 1 and Run
2) to show the separation repeatability. Curves are vertically shifted for clarity. Reprinted from Ref.
[38] with permission.
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nGC, Fig. 4.11 shows a mixture of twelve compounds that are analyzed by the OFRR
nGC system with tandem Rtx-1 column and PEG 1000 coated OFRR capillary column.
All twelve compounds are well resolved after tandem-column separation, while two
groups of co-elution appeared from the first column separation. Even without optimizing
for speed, the analysis time for the twelve compounds is within four minutes, showing
great potential for the development of a fast nGC. It is emphasized that while the
overloading effect occurred with the nonpolar analytes in Fig. 4.11, it does not obscure
the advantages of our system. In fact, the ability to demonstrate the tandem-column
separation even in the presence of broader overloaded peaks further validates the
robustness of this new technique. Table 4.1 lists the retention time from each separation
and peak width (full width at half maximum, FWHM) measured by the first detector for
the twelve analytes separated by the Rtx-1/OFRR pGC system. A polarity index, defined
here as the retention time differences from the two detection channels, which is correlated
to the analyte volatility and polarity, divided by the retention time of the first detection

channel, which is correlated to the analyte volatility, is also calculated for each analyte.

Co-elution

By providing more than one retention time, this tandem-column pGC system can
overcome the co-elution problem, a key limitation in single-column separation and
tandem-column separation. The co-elution can occur either immediately after the first
column separation, caused by limited separation power usually seen in puGC system with
a shorter GC column, as shown in Fig. 4.10, or from tandem-column ensembles, in which

the adequately separated analytes from the first column co-elute after the second column
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Fig. 4.12 Chromatograms from the two detection channels. The upper trace shows the separation from
the 180 cm Rtx-5 GC column (50 °C). The lower trace shows the retention time from the Rtx-5/OFRR
column ensembles. (A) Partial co-elution of Analyte #6 and #4 after the second separation due to added
retention of Analyte #6 compared to Analyte #4 in the OFRR. (B) Co-elution of Analyte #12 and #13
after the second separation. Curves are vertically shifted for clarity. Reprinted from Ref. [38] with
permission.

[151, 162]. For the first case, we have demonstrated that adding another column with
different stationary phase will further separate the co-eluted analytes, which improves the
separation capability. The latter scenario is demonstrated in Fig. 4.12 when Rtx-5 and the
OFRR are used as the tandem separation columns. In Fig. 4.12(A), since the Rtx-5
column is slightly polar, octanol elutes right before the undecane peak. The OFRR
column provides further retention for octanol, resulting in co-elution of the two analytes
at the terminal end of the second separation. The same situation happens with DMNB and
methyl salicylate, as shown in Fig. 4.12(B). Previously, modulation at the junction of
tandem columns is needed to avoid co-elution at the end of the second column. For
example, a pressure control valve has been employed to program and control the release
of analytes at the end of first column so that separated analytes will not co-clute at the
end of the column ensemble.[151, 162] However, owing to the unique multi-point on-

column detection capability of the OFRR uGC system, we are able to avoid the necessity
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of complicated modulation procedures. Since the two detectors are independent, they
provide complementary information regarding the retention time for each analyte at
different locations along the OFRR column. Therefore, as demonstrated in Fig. 4.12, the
chromatogram from the first detector can be used to identify the two analytes instead of
using the co-eluted chromatogram from the second detector. Additional detection
locations can be readily added along the OFRR column, either before or after the current

second detection location to track the separation of analytes along the OFRR column.

Monitoring the target analyte separation process

One of the powerful and versatile features of the OFRR-based tandem-column
nGC is its capability of performing multi-point detection along the OFRR column. As
discussed earlier, the detection channel can be moved along the OFRR column or
additional detection channels can be added to form a sensor array to monitor the analytes
separation process. Such capability is highly desirable in addressing co-elution problems
and for enhanced selectivity. In Fig. 4.13 we demonstrate the monitoring of separation
process of a target analyte (octanol) in a vapor mixture as it travels along the OFRR. This
is accomplished by placing the second channel at two different locations along the OFRR
column, illustrated by the insets of Fig. 4.13. Specifically, the first tapered fiber is kept at
the OFRR inlet. The second tapered fiber is 3.5 cm downstream. The chromatogram from
these two channels is recorded as Chromatogram #1. Then, the second taper is moved
additional 4.5 cm downstream and Chromatogram #2 is taken. In Chromatogram #1 and
#2, we can clearly see how octanol is separated by the Rtx-1 column and co-cluted with

undecane in the middle part of the OFRR column, and then re-separated by the rest part
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Fig. 4.13 Monitoring the separation process of the target analyte (Analyte #6: octanol) by acquiring
three chromatograms at three different locations along the OFRR column. The top trace in
Chromatogram #1 and #2 are recorded from the tapered fiber (Channel #1) located at the OFRR column
inlet. The bottom trace in Chromatogram #1 and #2 are recorded fror another tapered fiber (Channel
#2) located 3.5 cm and 8 cm downstream from Channel #1, respectively. A 180 cm Rtx-1 column
heated at 150 °C isothermal is used as the first separation column. The OFRR column is kept at room
temperature. Curves are vertically shifted for clarity. Reprinted from Ref. [38] with permission.

of the OFRR column.

4.5 Conclusion

In this chapter, we combine ring resonator sensing technology and GC separation
technology and develope OFRR-based puGC system. OFRR can either be used as a multi-

dimensional on-column micro-detector to rapidly detect the separation from regular GC
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columns, or be independently worked as an integrated separation column and on-column
detector to separate and detector the vapor mixture simultaneously.

We have studied and demonstrated rapid detection of DNT at room temperature
out of a volatile background using the OFRR nGC. The LOD of DNT is approximately
200-300 pg, which corresponds to an SPME extraction time of only one second at room
temperature from equilibrium headspace. As compared to other optical vapor sensors, the
OFRR vapor sensor has a similar sensitivity and detection limit, but a much more rapid
sensor response time owing to the efficient gas fluidics, small sensor dimension, and on-
column detection capability. Furthermore, the selectivity is greatly improved due to the
incorporation of GC technology with the OFRR vapor sensor. Analyte of interest can be
separated efficiently and detected rapidly from background analytes, which is especially
useful for the detection of explosives buried in more volatile chemical compounds, thus
significantly reducing the occurrence of false positives and negatives.

We further demonstrated rapid tandem-column separation and detection of vapor
compounds using an OFRR-based pGC system, in which a nonpolar or slightly polar
conventional GC column is used in conjunction with a short polar phase coated OFRR
column so that the entire set of analytes can simultaneously be separated according to
their respective vapor pressure and polarity in one single analysis. A vapor mixture of
twelve analytes of different volatilities and polarities are separated and detected within

four minutes using the tandem-column OFRR-uGC system.
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Table 4.1 Properties of analytes used in experiments and OFRR uGC response parameters
obtained from Fig. 4.11 and Fig. 4.12

Vapor Retention time FWHM
Polar
No Compound PIESSU Retention . (sec) pe'ak ity
.. re at . Polarity width at .
(abbreviation) o index Detect  Detect index
25°C Detector .\ a
(Torr) or 1 or 2 1 (sec) (%0)
1 Heptane 45.56 700 Nonpolar 43 43 1.0 0
2 Octane 14.04 800 Nonpolar 8.4 8.4 1.6 0
3 Decane 1.43 1000 Nonpolar 39.8 39.8 5.6 0
4 Undecane 0.41 1100 Nonpolar 91.6 91.6 9.8 0
5 Dodecane 0.14 1200 Nonpolar 230.4 2304 26.2 0
6 1-octanol 1.18 1050 Polar 59.5 65.7 32 10.4
Dimethyl
7 methyl 120 840 Polar 106 145 20 36.8
phosphonate
(DMMP)
Diethyl methyl
8 phosphonate 0.36 1000 Polar 34.7 44.7 4.1 28.8
(DEMP)
9 éf‘lﬁrf’)tomene 0.18 1116 Polar 880 948 19 7.7
10 gflﬁr{’;"l“ene 021 1141 Polar 137 1229 54 8.1
1 ?Z‘IﬁrTo)tOl“ene 0.12 1155 Polar 1316 1436 6.0 9.1
Dimethyl 0.002
12 dinitro butane 0'7 1122 Polar 91.2 107.3 1.4 17.7
(DMNB)
13 Methyl 0.03 1170 Polar 2296 2364 16.3 3.0

salicylate °

* Polarity index defined here as the retention time differences from the two detection channels
divided by the retention time of the first detection channel.
" Data for Analyte #13 is obtained from Fig. 4.12.
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Chapter 5

Bio-Inspired Optofluidic Lasers

In the previous chapters, we have studied chemical vapor sensing where the
OFRR is used as a passive microcavity. However, when the gain medium is introduced
into a passive cavity, the passive cavity can be turned into an active one under electrical
or optical pumping. If the gain medium is pumped above its lasing threshold, stimulated
emission supercedes spontaneous emission and leads to laser oscillation in the cavity and
hence laser emission. Similar to a passive cavity sensor, an active cavity (or laser) can
also be employed in bio/chemical sensing. Previous studies have suggested that a better
LOD can be achieved by laser sensors than their passive cavity counterparts , due to the
improved resonator parameter O/V, the ratio of cavity quality factor O and mode volume
V' [173-176]. However, in the laser sensing schemes developed to date, bio/chemical
analytes are not part of the gain medium, that is, analytes are external to the laser cavity.
This type of detection scheme is usually termed as external cavity detection. External
cavity detection provides limited improvement in detection sensitivity and selectivity
over its passive cavity counterpart, because bio/chemical analytes and gain medium are
physically separated, Any small perturbations caused by the analyte lead only to a small
response from the cavity sensor. In the following chapters, we will study a novel laser
sensing mechanism, termed as intra-cavity detection, where bio/chemical analytes and
gain medium become one entity. A small bio/chemical change in the analyte (hence the
gain medium) is significantly amplified by the laser oscillation process in a cavity. In

Chapter 5, we will develop a bio-inspired OFRR microlaser that is capable of
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incorporating single-stranded DNA (ssDNA) as the gain medium. DNA-scaffold-
controlled fluorescence resonance energy transfer (FRET) process is studied in the OFRR
microlaser. Based on the laser system developed in Chapter 5, we will explore the
optofluidic microlaser intra-cavity sensing. As a model system, the detection of DNA
single-nucleotide polymorphism (SNP) with the OFRR laser sensor is demonstrated and

exceptional detection selectivity is achieved as compared to the passive cavity sensing.

5.1 Optofluidic lasers

5.1.1 Existing optofluidic lasers

Optofluidic lasers have recently been under intensive investigation for lab-on-a-
chip and compact on-chip light sources [11, 13, 14, 16, 19, 177-188]. They belong to an
important emerging field of optofluidics [14, 16], in which photonics and microfluidics
are integrated to achieve new functionalities. As compared to traditional liquid lasers
(such as dye lasers), optofluidic lasers are much smaller in size, much safer to operate,
and consume much less samples, owing to the easy liquid manipulation provided by

microfluidics technology [19]. Additionally, optofluidic lasers inherit the desirable

features of traditional dye lasers, i.e., dynamic wavelength tunability and broad spectral
coverage [14, 16, 19]. In the past few years, optofluidic lasers have been demonstrated
using embedded distributed feedback (DFB) gratings [13, 19, 177, 178, 183, 185, 187,
188], circular Bragg gratings [189], and Fabry-Pérot-type resonators [179, 180, 182, 184,
186, 190]. However, all of those designs have relatively low Q-factors (on the order of

10%), which leads to a high lasing threshold on the order of 10 pJ/mm?,
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Fig. 5.1: Various ring resonator configurations for optofluidic lasers. (A) Free falling liquid droplets
generated by an orifice; (B) Liquid droplets generated by microchannels; (C) Liquid droplet formed on
an ultra-hydrophobic surface; (D) Fused silica microsphere immersed in gain medium; (E) Ring shaped
waveguide formed on a chip; (F) Ring shaped liquid waveguide formed on a chip; (G) Ring resonator
formed by a microfiber knot; (H) Liquid cylindrical resonator formed with a capillary. Reprinted from
Ref. [11, 79, 183, 197, 202, 259] with permission.

Optical ring resonators have also been employed for optofluidic laser
development. In a ring resonator, the WGMs form at the boundary of high and low RI

media [94, 138]. The WGMs circulate along the ring resonator and interact with the

surrounding gain medium and

optical cavities, thus providing an excellent optical feedback to achieve low lasing
threshold [11, 41, 43, 44, 138, 191-201]. Fig. 5.1 shows various ring resonator

configurations that have been or can be used for optofluidic lasers. Traditional

usually has much higher Q-factors than other types of

microdroplets (Fig. 5.1(A) and (C)) have high Q-factors (~10*) and have been extensively

studied in the past decades [11, 41, 43, 44, 138, 191-201]. However, they suffer from

evaporation and/or are difficult to manipulate and to integrate with other components into
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a laser system. Recently, microdroplets generated with on-chip microfluidic system are
developed, as shown in Fig. 5.1(B). However, due to the surrounded oil, lasing can only
be achieved from high RI microdroplets. Moreover, in all droplets configurations, the
laser emission is collected through scattering, making light delivery very challenging.
Solid microspheres (Fig. 5.1(D)) are difficult to mass-produce. While solid or liquid ring-
shaped waveguides (Fig. 5.1(E) and (F)) can be mass fabricated, they usually have much
lower Q-factors (10*-10°). Microfiber knot based ring resonators (Fig. 5.1(G)) are too
delicate to integrate with other components. Fig. 5.1(H) shows another ring resonator
configuration, in which a regular glass capillary with a wall thickness over 30

d 2929 However, this system requires the liquid RI in the core be

micrometers is use
higher than that of glass (RI=1.45). Unfortunately, bio-detection, i.e., DNA analysis,

must be conducted in aqueous environment (RI=1.33) and the high RI requirement

cannot be met.

5.1.2 OFRR microlasers

To address the problems in the existing optofluidic lasers mentioned above, we
have recently developed OFRR microlaser technology that can operate with cavity in any
liquid RI, and therefore be able to accommodate the low RI liquid such as water or buffer
for biomolecular analysis. The reason that OFRR microlaser can uniquely operate with
any liquid RI lies in the capillary wall thickness is sufficiently small. Detailed theoretical
analysis on WGM intensity distribution in the radial direction is given in Chapter 2,
proving that regardless of liquid RI (gain medium solvent) inside the OFRR, there is

sufficient amount of light evanescently interacting with the gain medium for light
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Fig. 5.2 Conceptual illustration of OFRR lasers: (A) side view and (B) top view. The capillary OD is 75
pm and wall thickness is less than 4 pm. Dye solution is filled into capillary as the gain medium. OFRR
capillary cross section forms the high Q-factor ring resonator supporting WGMs that evanescently
interacted with gain solution for light amplification. Laser emission can be collected in free space or
with an optical fiber taper in contact with capillary wall for easy light delivery.

amplification. As illustrated in Fig. 5.2, the OFRR employs a piece of thin-walled fused
silica capillary with an outer diameter of 30-200 um. The circular cross section of the
capillary forms the ring resonator that supports the WGMs of high Q-factors (>107).
Therefore, a much lower lasing threshold can be achieved compared to other optofluidic
lasers [92]. The capillary wall thickness is made less than 4 um so that the WGMs are
exposed to and interacting with the gain medium (i.e., liquid dye solution) inside of the
capillary (penetration depth ~ 100 nm), and provide the excellent optical feedback for
low-threshold lasing. Additionally, the laser emission can easily and highly efficiently be
coupled out via an optical fiber [86, 205], a fiber prism [48, 206] or a waveguide in
contact with the OFRR. Through such evanescent coupling, only lasing emission will be
collected [12, 92]. The unwanted emission such as fluorescence background or ambient
noise cannot enter the WGM (a rejection ratio of about 10°) and thus will not be

transmitted through the optical fiber. As a result, the signal to noise ratio (SNR) is greatly
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increased. Furthermore, the OFRR integrates naturally with the excellent fluidics inherent
to capillaries, thus exhibiting superb fluid handling capability and allowing for
approximately 1000 times reduction in sample effective detection volume (~ 1-10 nL).
Finally, the OFRR can be fabricated easily and cost-effectively using a capillary pulling

station or a fiber draw tower.

5.2 OFRR FRET microlaser through DNA self-assembly

5.2.1 Motivation

Since their invention 50 years ago, lasers have been realized with various artificial
or engineered optical gain materials, such as doped crystals, synthetic dyes, gases, and
semiconductors. However, biological materials were never pursued as gain medium or as
part of the gain medium. Similarly, optofluidic lasers reported to date can only operate
with synthetic dyes dissolved in organic solvent, i.e., ethanol, quinolone, and
tetraethylene glycol (TEG), as the gain medium. Such organic solvent environment is not
bio-amenable, which makes it impossible to use optofluidic lasers in any biosensing
applications. So far, no optofluidic lasers are demonstrated with water or biological
buffers as gain medium solvent. Two major contributing factors for this challenge are (1)
many ring resonator configurations are unable to operate in water/buffer due to the RI
requirement, and (2) the quantum yield of organic dyes are almost two magnitudes lower
in water/buffer than they are in organic solvents, which may significantly increase the

lasing threshold or even fail to generate lasing.
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Fig. 5.3 Conceptual illustration of OFRR FRET lasers via DNA scaffolds. The donor transfers energy
to the acceptor through FRET that is precisely controlled by DNA scaffolds. Note that the donor and
the acceptor are labeled on complementary ssDNAs. Reprinted from Ref. [255] with permission.

In this chapter, we use OFRR as an optical cavity and show optofluidic lasers can
be realized in a bio-amenable environment. This bio-compatible optofluidic laser is
comprised of dye molecule labeled single-stranded DNA (ssDNA) dissolved in
water/buffer as the gain medium. Since FRET is a widely used technique in biological
and biomedical research, it is important to study this energy transfer process in the
microcavity, which will provide valuable information when the optofluidic lasers are
used in biosensing in the future. Therefore, we study lasing through FRET controlled by
DNA scaffolds (see Fig. 5.3), in which the donor and acceptor are conjugated with DNA
sequences with the pre-determined donor-to-acceptor distance, ratio, and spatial
configuration [207-211]. Since the donor and the acceptor are maintained within the
Forster distance by DNA scaffolds, high energy transfer efficiency can be obtained
regardless of the donor/acceptor concentration. We will use various DNA scaffolds to

exemplify vast possibilities in optofluidic laser designs and their biocompatibility.
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5.2.2 Experimental methods

Fabrication of the OFRR capillary

The details of OFRR fabrication have been presented in previous chapters. In
order to expose more evanescent field of the WGM to the gain medium, in optofluidic
laser experiments, we first etch the fused silica capillary pre-form (Polymicro
Technologies TSP700850) with diluted HF (3% v/v) for 17 hours at room temperature.
The capillary pre-form wall thickness is reduced to 25-30 um after etching. Then the

capillary pre-form is fabricated by CO, lasers as detailed in Chapter 2. The resulting

Spectrometer

(B)

Collection fiber

Sample flow
> 0 0 e

OFRR OFRR

J9qIJ uondd[on

WGM

Fig. 5.4 (a) Schematic illustration of experimental setup. Pump light from an OPO laser is loosely
focused to illuminate a small segment of the OFRR capillary. Organic dye labeled DNA samples are
flowed through the capillary by a syringe pump. A multimode fiber is placed near the capillary edge to
collect the lasing emission with the other end sent to a spectrometer for analysis. (b) Relative position
of the collection fiber with respect to the OFRR. All dimensions are not to scale. Reprinted from Ref.

[255] with permission.
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OFRR capillary has a diameter of 75 um with a wall thickness around 2—-3 um [12]. The

Q-factor is approximately 10" [12].

Experimental setup

The experimental setup is illustrated in Fig. 5.4. A pulsed laser (Continuum
Surelite OPO, approximately 5 ns pulse width, 20 Hz repetition rate) is loosely focused
through a cylindrical lens to excite 1 mm portion of the OFRR capillary. The pump laser
power is adjusted by a neutral density filter. The dye emission is collected in free space
through a multimode fiber and then sent to a spectrometer (Triax 5501, Horiba Jobin

Yvon, spectral resolution = 0.12 nm).

DNA preparation

ssDNA samples labeled with dyes are purchased from Integrated DNA
Technology. Details on the DNA sequence are listed in Table 5.1. All the DNA
sequences are designed using mfold software to minimize possible secondary structure
formation [212]. The DNA samples are first dissolved in hybridization buffer
(PerfectHyb"™ Plus, Sigma-Aldrich) to a concentration of 90 uM and then diluted to the
desired concentration with TRIS acetate-EDTA buffer (pH = 8.3) (Sigma-Aldrich). DNA
hybridization is carried out by heating the samples to 45 °C for 3 minutes, followed by 20
minutes of cooling at room temperature. Finally, the hybridized sample is flowed through

the OFRR with a peristaltic pump at a flow rate of 5 pL/min.
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Table 5.1. Single-stranded DNA sequences used in the experiments

Sample name Sequence
ID1A-Cy3 5’-TTC TCC TTG TCT A-Cy3-3°
ID1A-Cy5 5’-TAG ACA AGG AGA A-Cy5-3°

2D1A-Cy3(3’) 5-TTC TCC TTG TCT A-Cy3-3’

2D1A-Cy3(5’) 5’-Cy3-TTC ACT CAG TCT-3’

2D1A-Cy5 5’-TAG ACA AGG AGA A-Cy5-AG ACT GAG TGA A-3°
Cascade-Cy3 5’-AAC CAG AGA CCC GA-Cy3-3

Cascade-Cy5 5°-TCG GGT CTC TGG TT-Cy5-T GGC GTT GGG TTG-3°
Cascade-Cy5.5 5’-Cy5.5-CAA CCC AAC GCC A-3°

Control-Cy5 S>-TTT TTT TTT TTT T-Cy5-3°
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Fig. 5.5 Normalized absorption and emission spectra of the dyes used in the experiments. Reprinted
from Ref. [255] with permission.
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5.2.3 Experimental results

A simple OFRR FRET laser can be achieved through a one-donor-one-acceptor
(1D1A) scaffold by using complementary ssDNAs, 1D1A-Cy3 and 1D1A-Cy5, with the
donor (Cy3) and the acceptor (Cy5) conjugated to the 3’ end of each ssDNAs (see sample
name and corresponding DNA sequence in Table 5.1). During the experiment the
excitation laser wavelength is 518.3 nm, which is within the donor absorption band (see
Fig. 5.5). Fig. 5.6(A) shows the lasing emission spectrum after DNA hybridization at a
concentration of 30 uM for both the donor and the acceptor. A number of quasi-periodic
lasing peaks emerge around 720 nm first. With the increased pump intensity, this group
of lasing emission gradually becomes leveled-off and meanwhile the lasing emission at
shorter wavelengths (around 690 nm) starts to occur, as expected [213]. Both wavelength
ranges are within the Cy5 emission band. No lasing emission is observed for Cy3 in the
wavelength range of 570 — 650 nm, i.e., the Cy3 emission band. As a negative control, we
perform the same experiment with 30 uM of 1D1A-CyS5 alone (Fig. 5.7(A)). No lasing
emission from Cy5 is observed when pumped at 518.3 nm, suggesting that Cy5 cannot be
directly excited to achieve lasing at this pump wavelength and that the lasing emission
from Cy5 in Fig. 5.6(A) indeed result from the energy transferred from Cy3. Fig. 5.6(B)
plots the total laser emission around 690 nm and around 720 nm as a function of the
pump energy density. The respective lasing threshold is 6.8 pJ/mm? and 4.2 pJ/mm®.

An additional control experiment presented in Fig. 5.7(B) allows us to understand
the energy transfer mechanism. In this experiment, Cy3 lasing occurs when 30 uM of
1D1A-Cy3 sample alone is pumped under exactly the same conditions as in Fig. 5.6(A).

However, when 1D1A-Cy5 is added the Cy3 lasing is quenched with concomitant
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Fig. 5.6 (A) OFRR FRET lasing emission spectra for the donor-to-acceptor ratio of 1:1 achieved
through hybridization of 1D1A-Cy3 and 1D1A-Cy5. The concentration of both ssDNA samples is 30
pUM. Laser excitation wavelength is 518.3 nm. Curve 1 and 2 are the spectrum slightly and well above
the lasing threshold, respectively. Curves are vertically shifted for clarity. Inset: the corresponding
DNA scaffolds. (B) Laser emission as a function of pump energy density per pulse. Triangles: laser
emission integrated between 680 nm and 700 nm. Squares: laser emission integrated between 700 nm
and 740 nm. Solid curves are the linear fit of the linear part of the integrated laser emission. Lasing
threshold is 6.8 pwJ/mm” and 4.2 pJ/mm’ for the laser emission centered at 690 nm and 720 nm,
respectively. Reprinted from Ref. [255] with permission.
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appearance of Cy5 lasing emission (see Fig. 5.6(A)), suggesting that the non-radiative
FRET plays a dominant role in energy transfer [214, 215]. Through a DNA scaffold, the
distance between Cy3 and CyS5 and hence the FRET efficiency can be determined by the
hybridized DNA length. Given the Forster distance for Cy3 and Cy5 of 6 nm (see Table
5.2) and the Cy3-Cy5 distance of 4.08 nm (assuming 0.34 nm per DNA base pair), the

FRET efficiency from Cy3 to Cy5 is calculated to be 91%.

Table 5.2. Forster distance of the donor-acceptor pairs used in the experiments

Donor-acceptor pair Forster distance [208]
Cy3-Cy5 6 nm
Cy3-Cy5.5 5.9 nm
Cy5-Cy5.5 7.3 nm
? 5,000 + (A) @ 5,000 + (B)
E 4,000 § 4,000}
2 3000t < 3,000}
Z z
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Fig. 5.7 Control experiments on Cy3-Cy5 FRET lasing. (a) When pumped at 518.3 nm, 30 uM Cy5
labeled ssDNA (1D1A-Cy5) alone shows no lasing emission, suggesting that Cy5 cannot be directly
excited to achieve lasing at this pump wavelength. (b) When pumped at 518.3 nm, 30 uM Cy3 labeled
ssDNA (1D1A-Cy3) alone has strong lasing emission around 610 nm, which is within the Cy3 emission
band. Reprinted from Ref. [255] with permission.
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The OFRR laser can be controlled not only by the donor-acceptor distance, but
also by the DNA scaffold that changes the donor-to-acceptor ratio. With the increased
donor-to-acceptor ratio, more pump energy can be absorbed by the laser system, resulting
in a lower lasing threshold and a higher pump efficiency [216]. As illustrated in the inset
of Fig. 5.8(A) we construct a DNA scaffold consisting of two-donor-one-acceptor (2D1A)
by self-assembly of three ssDNAs. In this 2D1A system the donor (Cy3) is attached to
the 3’ and 5’ end of a ssDNA sequence, respectively (2D1A-Cy3(3’) and 2D1A-Cy3(5’),
see Table 5.1). The acceptor (Cy5) is labeled on the adenine base in the middle of the
ssDNA sequence (2D1A-Cy5), which serves as a DNA backbone for hybridization with
2D1A-Cy3(3’) and 2D1A-Cy3(5’).

After hybridization, the distance between each Cy3 and Cy5 pair is 4.08 nm, the
same as that in the ID1A case discussed previously. Thus the donor-to-acceptor ratio is
doubled while the donor-acceptor distance remains unchanged. The corresponding lasing
emission spectrum is present in Fig. 5.8(A), which has quasi-periodic lasing peaks similar
to Fig. 5.6(A). At the same pump intensity, the FRET lasing intensity in the 2D1A system
is stronger than that in the 1D1A system and more lasing peaks emerge. The
corresponding lasing threshold curve in Fig. 5.8(B) shows a lasing threshold of
approximately 4.4 pJ/mm” and 2.3 pJ/mm? for the laser emission centered at 690 nm and
720 nm, respectively, which are approximately half of their corresponding threshold for
the 1D1A system. Additionally, the lasing differential efficiency, i.e., the slope of the
curve in Fig. 5.8, is nearly doubled in the 2D1A system in comparison with the 1DIA

system for both 690 nm and 720 nm bands.
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Fig. 5.8 (A) OFRR FRET lasing emission spectrum for the donor-to-acceptor ratio of 2:1 achieved
through hybridization of 2D1A-Cy3(3’), 2D1A-Cy3(5’), and 2D1A-Cy5. The concentration of all
ssDNA samples is 30 uM. Laser excitation wavelength is 518.3 nm. Curve 1 and 2 are the spectrum
slightly and well above the lasing threshold, respectively. Curves are vertically shifted for clarity. Inset:
the corresponding DNA scaffolds. (B) Laser emission as a function of pump energy density per pulse.
Triangles: laser emission integrated between 680 nm and 700 nm. Squares: laser emission integrated
between 700 nm and 740 nm. Solid curves are the linear fit of the linear part of the integrated laser
emission. Lasing threshold is 4.4 pJ/mm? and 2.3 pJ/mm? for the laser emission centered at 690 nm and
720 nm, respectively. Reprinted from Ref. [255] with permission.
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As discussed earlier, through a DNA scaffold the high energy transfer efficiency
can be maintained regardless of the donor or acceptor concentration. In Fig. 5.9, we
explore the minimum gain medium concentration that can achieve lasing via FRET using
2D1A samples of 30 uM, 15 uM, 5 uM, and 2.5 uM, respectively. It is shown that the
laser emission persists even at an unprecedented concentration of 2.5 uM with a lasing
threshold well below 50 pJ/mm?, nearly 1000 times lower than the dye concentration

used in other types of optofluidic lasers. Considering that the WGM interacts with only a
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Fig. 5.9 Emission spectrum of 2-donor-1-acceptor FRET lasers at various ssDNA concentrations. (A)
30 uM. (B) 15 uM (C) 5 uM, and (D) 2.5 uM. The pump energy density per pulse is fixed at 54
pJ/mm?. Reprinted from Ref. [255] with permission.
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few pico-liters of dye solution near the OFRR inner surface, the total number of dye
molecules contributing to the laser emission is estimated to be on the order of 107,

The same DNA scaffold design principles can further be applied to develop
cascade FRET lasers to extend the lasing emission wavelength range. Similar to the
2D1A structure, we now hybridize three ssDNA sequences, Cascade-Cy3, Cascade-CyS5,
and Cascade-Cy5.5 (see Table 5.1). After hybridization, the distance from Cy3 to Cy5
and from Cy5 to Cy5.5 is 4.42 nm, corresponding to a transfer efficiency of 86% (Cy3-
Cy5), 95% (Cy5-Cy5.5), and 8% (Cy3-Cys5.5), respectively. Therefore, the majority of
energy is transferred from Cy3 to Cy5.5 via Cy5. Cascade FRET lasing emission from
Cy5.5 is shown in Fig. 5.10(A) at the pump wavelength of 518.3 nm. No lasing emission
is observed from Cy3 or Cy5. Control experiments (see Fig. 5.11) confirm that Cy5 and

Cy5.5 cannot be directly excited to achieve lasing at this pump wavelength. Lasing
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Fig. 5.10 Cascade OFRR FRET laser. (A) Lasing emission spectrum. Laser excitation wavelength is
518.3 nm. The concentration of all ssDNAs is 30 uM. Inset: the DNA scaffold structure that bridges
Cy3, Cy5, and Cy5.5. (B) Lasing emission integrated between 720 nm and 760 nm versus pump energy
density per pulse. Solid curve is the linear fit of the linear part of the integrated laser emission. Lasing

threshold is 6 pJ/mm?. Reprinted from Ref. [255] with permission.
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threshold in Fig. 5.10(B) is measured to be approximately 6 puJ/mm>.

5.2.4 Energy transfer in an optical cavity

Generally, there are two transfer mechanisms between the donor and the acceptor
in an optical cavity: non-radiative FRET [214, 216-218], in which the transfer is
mediated by short-ranged resonant dipole-dipole interaction (as shown in Fig. 5.3), and
cavity-assisted radiative transfer [219-221], in which the emission from the donor is first
coupled into the cavity, which stores photons for extended amount of time before they are
re-absorbed by the acceptor (as shown in Fig. 5.12). The FRET efficiency between a
donor and acceptor pair is Ro*/(Ro*+1°), where Ry and r are the Forster distance and the
donor-acceptor distance, respectively. The cavity-assisted transfer efficiency is
determined by the fraction of donor emission into cavity modes and the probability of
acceptor re-absorption [219, 220]. Unfortunately, to date only a handful of energy

transfer based optofluidic lasers have been demonstrated [214, 218]. In those lasers, the
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Fig. 5.11 Control experiments on cascade FRET lasing. When pumped at 518.3 nm, Cy3 alone has
lasing emission around 610 nm, while Cy5 alone or Cy5.5 along shows no lasing at their respective
emission wavelength range, suggesting that neither Cy5 nor Cy5.5 can be directly excited to achieve
lasing at this pump wavelength. Reprinted from Ref. [255] with permission.
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Fig. 5.12 Conceptual illustration of OFRR-assisted energy transfer lasers, in which donor emission
coupled into cavity modes is used to excite the acceptor. Note that the donor and the acceptor are
labeled on non-complementary ssDNAs. Reprinted from Ref. [255] with permission.

donor and the acceptor are distributed homogeneously in solution. Therefore, the transfer
efficiency can only be estimated from the donor/acceptor concentration (i.e., the averaged
donor-acceptor distance), which diminishes rapidly at decreased donor/acceptor
concentrations. Additionally, although vastly different, the respective contribution of
FRET and the cavity-assisted transfer in optofluidic lasers has not been well elucidated
[214], due in part to the lack of an approach to precisely control the donor-acceptor
distance in the gain medium. How to better understand and control the energy transfer
processes, and how to maintain high transfer efficiency at low donor/acceptor
concentrations are particularly important for the development of novel optofluidic lasers,
and for their applications in bio/chemical sensing and biophysics. Here, with DNA
scaffold, we are able to, for the first time, study the two energy transfer mechanisms in
the cavity separately. As shown in previous experiments, with complementary ssDNA
scaffold, donor and acceptor are kept within Forster distance, and thus efficient FRET is
the dominant transfer mechanism. On the contrary, if donor and acceptor are labeled on

non-complementary ssDNA scaffold, this equivalent to donor and acceptor are in free
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solution. At low concentration, the distance between donor and acceptor on average will
fall out of the Forster distance so that cavity assisted energy transfer will dominate.
Below, we will use the non-complementary ssDNA scaffold to study the cavity-assisted
energy transfer lasing, which will also act as the control experiment for FRET lasing
shown previously. Additionally, we will perform a theoretical analysis on different

energy transfer processes at last.

Control experiments on OFRR-assisted energy transfer lasing

It should be noted that in the absence of highly efficient FRET, cavity-assisted
energy transfer can be employed to excite the dye laser. To investigate the contribution
from the cavity-assisted transfer, we further carry out a control experiment by using the
non-complementary ssDNAs. In this case, the average distance between donor and
acceptor is approximately 24 nm, making FRET negligible. Fig. 5.13 shows the typical
WGM-assisted acceptor lasing spectrum and the relationship between pump energy
density and lasing intensity, respectively. The lasing threshold is approximately 10
nJ/mm?, much higher than the FRET lasing threshold at the same concentration. This
difference becomes even larger at lower DNA (or dye) concentrations, as shown in Fig.
5.13 where the cavity-assisted energy transfer efficiency drops rapidly with the decreased
gain medium concentration. As a result, no laser emission can be observed through
cavity-assisted energy transfer (or direct excitation) when the dye concentration is below
10 uM, regardless of the pump energy density available with our OPO laser (> 200
nJ/mm?), in sharp contrast to Fig. 5.8. Note that the lasing in Fig. 5.13 is obtained in the

absence of FRET. In the presence of competitive and highly efficient FRET through a
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Fig. 5.13 (A) Cavity-assisted lasing emission spectrum in the OFRR using non-complementary ssDNA
samples: 1D1A-Cy3 and Control-Cy5 (both at 30 uM, see Table 5.1). (B) Laser emission integrated
between 700 nm and 740 nm versus pump energy density per pulse. The excitation wavelength is 518.3
nm. Reprinted from Ref. [255] with permission.

DNA scaffold, the cavity-assisted energy transfer based lasing would not occur, as
reflected by the disappearance of the donor (Cy3) lasing emission when complementary

DNA labeled with the acceptor (Cy5) is added.

Theoretical analysis

A. Donor and acceptor pair linked by complementary ssDNA
When the donor and acceptor are linked through a DNA scaffold, the high FRET
efficiency can be maintained regardless of the donor or acceptor concentration. The

FRET efficiency between the donor and acceptor pair is:

Epper =—% > (5.1)
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where Ry is the Forster distance and r is the distance between the donor and acceptor.
Curve a in Fig. 5.14 plots the FRET efficiency between Cy3 and CyS5 using Ry = 6 nm
and r = 4.08 nm (a 13-base DNA pair).
B. Donor and acceptor distributed homogenously in solution
The FRET efficiency can be calculated by [217]:

E, =1-exp(-142-C/C,), (5.2)
where C is the acceptor concentration in units of molar. Cy is related to the Forster
distance Ry by:

3
=( 7)s
4000-7-N R,

(5.3)

0

where Nj is Avogadro constant. Curve b in Fig. 5.13 shows the FRET efficiency as a
function of the acceptor concentration.
C. OFRR-assisted energy transfer

Cavity-assisted energy transfer takes advantage of the fact that a donor’s emission
rate is in proportion to the local density of photon states (weak coupling), and the states
in a cavity are heavily modified from those in an extended medium [219, 220, 222, 223].
In particular, WGMs have huge spectral densities due to their narrow line-widths, which
allows emission to be channeled into these long-lived cavity states where acceptors are
visited many times [220, 222, 223]. The overall OFRR-assisted transfer efficiency can be

calculated by [219, 220]:

no
EOFRR = Edonor X [UQO -|—0Qa ] 9 (54)

where the first term, Eqonor, 18 the fraction of donor emission into absorption dominated

WGMs compared to all modes within the mode volume. The second term represents the
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Fig. 5.13 (a) FRET efficiency between Cy3 and Cy5 through a 13-base-pair DNA scaffold. Calculation
is based on equation (5.1). (b) Energy transfer efficiency for FRET between Cy3 and Cy5 in free
solution. Calculation is based on equations (5.2) and (5.3). (c¢) OFRR-assisted energy transfer efficiency
between Cy3 and Cy5. Calculation is based on equations (5.4) and (5.5), where Egjopnor = 11%, o =
5.75x10° ecm™ M, A = 630 nm, n = 1.45, and nQ, = 4x10". Reprinted from Ref. [255] with permission.

transfer efficiency of the light in the WGMs to the acceptor. Qp = w/y, is the OFRR Q-
factor in the absence of the acceptor. o is the angular frequency of the light and y is the
photon loss rate of the resonant mode. Q, = 2nn/aA, is the absorption related Q-factor. n
is the refractive index of the OFRR, a is the acceptor absorption coefficient, and A is the
wavelength. Since the WGMs in the OFRR interact with the acceptor via their respective
evanescent field, n represents the fraction of the WGM energy in the OFRR core [12].
Edgonor can be obtained by comparing the number of energy transfer dominated

states within a cavity with the number of states in a bulk medium of the same volume V

and refractive n, which leads to [223]:
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(5.5)

donor

where D is WGM degeneracy. S,q4, f, and ¢ are the average spectral density of absorption
dominated modes, the ratio of the widths of the overlap spectrum to the emission
spectrum, respectively. <v>> is the average of the frequency squared over the donor-
acceptor overlap region.

For the OFRR, although it may be difficult to obtain exact S,4, f, and V, simple
estimation will still provide very useful insight into this system. The OFRR develops a
larger spectral density of two fold degenerate WGMs (D = 2). Our measurements in Fig.
5.14 show 11 modes in 38 pm with Q’s greater than 5x10° (absorption dominated modes),
which leads to S,;= 5.4x10"'° Hz"'. From the spectra in Fig. 5.5, the spectral overlap

factor f= 1. The mode volume V as scaled from Ref. [224] is found to be V' = 2.3x107
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Fig. 5.15 WGMs obtained with a high resolution Toptica tunable diode laser at 785 nm. The mode
spacing is approximately 3.8 pm. Reprinted from Ref. [255] with permission.
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cm’. By evaluating <v>> from the frequency at the center of the overlap region, 2.1x10%
sz, and using the refractive index n as that of water, 1.33, we find Eqonor = 11%.

Curve c¢ in Fig. 5.13 shows the OFRR-assisted energy transfer efficiency as a
function of the acceptor concentration based on Eq. (5.5). Egonor = 11%, o0 = 5.75x10° cm’

"M for Cy5, L = 630 nm, n = 1.45, and nQo = 4x10* for the lasing modes [12].

5.3 Conclusion

We have demonstrated the first bio-compatible optofluidic dye lasers based on
OFRR. The FRET lasing via various DNA scaffolds are presented. High transfer
efficiency can be maintained in an extremely large concentration range (from a single
donor/acceptor pair up to approximately 1 mM). FRET lasing at 2.5 uM has been
achieved. With further improvement in the excitation scheme (e.g., tapered fiber
excitation at a WGM resonant wavelength), Q-factors, and DNA scaffold designs, and
using donors with larger absorption cross sections (such as quantum dots [218] and DNA
binding fluorescent conjugated polymers [225]), lasing at nM range is possible.

We envision that our work will lead to the research in the following areas. First,
through DNA self-assembly technologies [226-228] and other biotechnologies such as
enzymatic cleavage [229], metal chelation [229], peptide design, and DNA binding
fluorescent conjugated polymers [225], various types of biostructures (such as Holliday
junctions [226], 2D or 3D supermolecular structures [226-228], DNA packing motors
[230]) can be employed to provide great flexibility in designing optofluidic lasers as well

as other bioinspired optofluidic devices such as bio-controlled photonic switches. Second,
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instead of using the optical excitation external to the laser system and non-biological
donors (such as dyes), it certainly is possible to develop bio-optofluidic lasers that rely on
biomolecules such as green fluorescent protein and luciferase to harvest bio- or chemical
energy through highly efficient bioluminescence resonance energy transfer (BRET)
processes [231]. Third, FRET is a widely used technology in biology and chemistry [229,
232]. Combination of FRET with highly non-linear optofluidic lasers can be exploited for
highly sensitive intra-cavity biological and chemical detection [176, 233], which may not
be achievable in the linear fluorescence based detection. Finally, our system may provide
a model system for fundamental physics such as lasers at the level of single or a few

molecules.
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Chapter 6

Intra-Cavity Optofluidic Laser Sensor

6.1 Motivation

Based on the bio-compatible optofluidic laser system developed in Chapter 5, we
will explore its biosensing capabilities. As an immediate application, we will study
highly-selective intra-cavity DNA detection in this chapter.

A DNA sequence may have a single-base change resulting from biological
processes such as single-point mutation and cytosine methylation [234, 235].
Distinguishing the target DNA from its single-base altered counterpart provides critical
information for disease diagnosis, personalized medicine, and basic biochemical research
[236-240]. In traditional fluorescence-base detection, samples are placed in a cuvette
external to an excitation source (such as a laser), and a DNA probe is used to hybridize
with the target DNA and generate the corresponding fluorescence as the sensing signal.
However, due to the small difference in the binding affinity for the DNA probe, the
resulting fluorescence difference between the target and single-base altered DNA is very
small. Typically, the discrimination ratio between these two DNA sequences is almost
unity (~1-3) [241-245], making it difficult to selectively detect the target DNA from a
pool of altered DNA molecules directly [246, 247].

In contrast, the intra-cavity detection involves placing samples inside a laser

cavity, thus generating a feedback that may significantly affect the laser characteristics.
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Historically, passive intra-cavity detection, in which the sample is part of a laser cavity,
but not of the gain medium, has long been employed in sensitive vapor absorption
detection due to the extended effective absorption length [248]. Active intra-cavity
detection, in which the sample becomes part of the laser gain medium, relies on the
nonlinear behavior of the laser output in response to perturbations to the laser cavity
and/or gain medium caused by the sample. While the active intra-cavity detection was
recently used in a solid-state laser for enhanced vapor sensing [176], its capability in
biomolecular detection remains largely unexplored.

The optofluidic laser — the synergistic integration of a dye laser and microfluidics
— is an emerging technology that takes advantage of compact light source, easy sample
delivery, and extremely small sample volumes for the development of micro-total
analysis systems [19, 21, 249]. Here, by capitalizing on the recent advance in optofluidic
lasers, we propose and develop a paradigm-changing, highly specific intra-cavity DNA
detection scheme, in which DNA samples and probes are flowed through the optofluidic
laser and thus become an integral part of the laser. Stimulated lasing emission, rather than
fluorescence (i.e., spontaneous emission), is employed as the sensing signal to achieve
analog-to-digital type conversion that significantly amplifies the small intrinsic difference
between the target and its single-base altered counterpart. In this chapter, we use SNP and
molecular beacon (MB) probe as a model system. We first perform the theoretical
analysis to elucidate the underlying intra-cavity detection principle. Then, we show
experimentally that a discrimination ratio of 240 was achieved between the target and the
single-base mismatched DNA, which represents over two orders of magnitude increase

over the conventional fluorescence-based method. Selective detection of the target DNA
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from a pool of single-base mismatched DNA of 50 times higher concentration and
quantitative measurement of the target DNA are presented. Finally, we extend our
scheme to detect a more complicated DNA sequence, breast cancer related gene -

BRCAL1, in both buffer and serum.

6.2 Conventional fluorescence-based DNA SNP detection using MB

An MB is a stem-loop structured DNA probe with a fluorophore and a quencher
attached to each end of the sequence (see the inset of Fig. 6.3) [247, 250-253]. In the
absence of the target DNA (i.e., perfectly matched DNA), the fluorophore and the
quencher are in close proximity, and the fluorescence is quenched. In the presence of the
target DNA, the MB opens, which results in fluorescence restoration. Though less
strongly, the single-base mismatched DNA can also hybridize with the MB.
Consequently, a fraction of MBs open and generate fluorescence. This type of detection
can be regarded as “analog” detection, in which small difference between target and the
single-base mismatched DNA results in small difference in the fluorescence signal. The
discrimination ratio (i.e., R=Iiarget/Imismatch, Where lLiarger and Imismaicn are the fluorescence
intensity from the target DNA and single-base mismatched DNA, respectively) is usually
only ~1-3 [241-243, 245], with the best result of 25 achieved at the optimal target
concentrations using gold nanoparticles as the quencher [247].

The hybridization process of DNA with the MB can be described as:

Ky
MBclose <:>MBopen > (6 1)
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Ky
MB _+DNA<MB —DNA, (6.2)

open open
where MBjosc and MBpeq represent the MB in the close and free open state, respectively.
“DNA” represents either target or single-base mismatched DNA. MBgy.ni-DNA is the
duplex formed through MB and DNA hybridization. K, and Ky are the dissociation
constant and are given by

K, =[MB

open

V/[MB,,,.], (6.3)

K, =[MB

open

1-[DNA]/[MB

open

— DNA], (6.4)

where [.] denotes the corresponding concentration. K}, and Ky can be calculated from

G
RT ), (6.5)

K =exp(
where AG is the free energy change associated with the process described in Egs. (6.1)
and (6.2). R is the universal gas constant, and T is temperature.

The fluorescence signal from the MB, F, can be written as:

MB_ TV +(s,+K,)-[MB
—DNA] + 5[MBc[me] — [ open] (SO d) [ open] + 5[MBO .
: (MB, ., 1+K, v

open

F oc[MB

open

1+[MB

open

]/Kb’

(6.6)

where s i1s the original DNA concentration added to the MB solution. § is the residual
fluorescence from the MB in the close state. [MB,, |= —§+%w/P2 +40Q, where

Sy — Ny

,+—>—=L an Kanr
1+1/K,

T1+1/K,

= dQ . nt is the total MB (or dye) concentration. Fig. 6.1

illustrates the fluorescence (normalized to the highest signal when all MBs are open) for

different target and single-base mismatched DNA concentrations.
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Fig. 6.1 Normalized fluorescence from the MB for different DNA-to-MB ratios. (A) nt=1 uM. (B)
=50 pM. Ky=4x10" M. K=2x10° M (for the target DNA) and 3x107 M (for the single-base
mismatched DNA). 6=0.05. MB and DNA sequences are listed in Table 6.1.

Table 6.1. MB and DNA sequences used in the experiments

Sample name Sequence
5’-/6-FAM/ CGCTC-TTTTTTTTTTTTTTT-

Molecular beacon (MB) GAGCG /DABCYL/-3’
Target DNA 5’-AAAAAAAAAAAAAAAG-3’
Single-base mismatched DNA 5-AAAAAAACAAAAAAAG-3’

The theoretical simulation results from Fig. 6.1 show that typically the
discrimination ratio in fluorescence between target DNA and SNP is around 20. However,
in experiment, the discrimination ratio is usually far less than the theoretical value. We
use a poly-A sequence and its single-point mutation for example (see Table 6.1 for
sample details), and measure the fluorescence intensity from the target sequence and its
SNP, which is presented in Fig. 6.2. Hybridization of the MB with the target DNA or
single-base mismatched DNA took place in a micro-quartz cuvette by mixing 35 uL. MB

with 35 uL DNA sample to the desired final concentrations at room temperature (~27 °C).
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Fig. 6.2 MB fluorescence from the target and the single-base mismatched DNA. (A) Fluorescence
spectra for two different [DNA]:[MB] ratios. Curves are vertically shifted for clarity. (B) MB
fluorescence signal vs. DNA-to-MB ratio. The signal is normalized to that for [Target
DNA]:[MB]=100:1. Inset, the corresponding curves in the linear-linear scale. In all experiments,
[MB]=1 uM. MB background is subtracted from all spectra. MB and DNA sequences are listed in
Table 6.1.

A laser at 480 nm was used for MB excitation. The fluorescence spectra were recorded
by a USB 4000 Miniature Fiber Optic spectrometer (Ocean Optics, FL) for post-analysis.
In the experiment, MB concentration is fixed at 1 uM, while DNA-to-MB ratio is varied
from 1 to 100. From Fig. 6.2(B) we can see the best discrimination ratio is 2.5 between
the target and single-base-mismatched DNA. Such a low discrimination ratio makes it
less confident to detect the target DNA from the single-base mismatched DNA. Moreover,

it is impossible to directly identify target DNA out of a mixture of DNA of unknown

sequences.

6.3 OFRR laser intra-cavity DNA detection

In our intra-cavity SNP detection scheme, we employed the OFRR as the laser

cavity, as illustrated in Fig. 6.3. The OFRR is a unique bio-compatible laser, the lasing
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properties of which have been studied in Chapter 5. When placed in the OFRR, the MB
becomes the gain medium of the OFRR laser, which is modulated by the MB
conformational state determined by the hybridization with DNA molecules. Although
small hybridization affinity difference between the target and single-base mismatched
DNA causes only a small change in the laser gain coefficient, it is this small change that
is nonlinearly amplified into orders of magnitude difference in the emission intensity due

to the optical feedback provided by the laser cavity. Therefore, utilizing lasing emission

Fig. 6.3 Intra-cavity SNP detection with the OFRR laser. The OFRR cross-section forms the ring
resonator. It supports the circulating optical resonant mode of high Q-factor, which interacts
evanescently with the MB flowing through the OFRR and provides the optical feedback for MB to lase.
Inset, MB fluorescence is quenched when it is in the closed state in which the fluorophore and quencher
are in close proximity. MB fluorescence is restored upon hybridization with the target DNA. Blue
arrow indicates the external laser pump.
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(i.e., stimulated emission) as the sensing signal, the target and single-base mismatched

DNA can be easily differentiated with the intra-cavity detection scheme.

6.3.1 Theoretical analysis

For the dye attached to a MB, it can be in one of the following states:
1. MB open, dye in the excited state
2. MB open, dye in the ground state
3. MB closed, dye in the excited state
4. MB closed, dye in the ground state
For the dye molecule in State #3, due to static quenching or rapid non-radiative
recombination, we can assume that it does not participate in the lasing process. The MB
in the open states (#1 and #2) can be in the free open state (i.e., MBgyen) or in the
hybridized form (i.e., MBqpen-DNA). For the lasing analysis, they both contribute to the
lasing action.

When placed in the OFRR, the MB (or more precisely, the dye labeled on the MB)
becomes the gain medium of the OFRR laser and has evanescent-wave coupling with the
OFRR resonant modes (details see Chapter 5). The corresponding population inversion
condition for such a four-energy-level laser system can be written as[19, 92, 213]:

27mm
nnladye,e (ﬂ“e) 2 77(”T - nl )O-dye,a (ﬂ’e) + nnTJquencher,a (ﬂ’e) + ﬂ ’ (67)

(2}

where nr is the total concentration of the dye (i.e., summation of State #1-#4). n; is the
concentration of the dye in State #1. Gayee (Odye,a A0 Gquencher,a) 1S the dye emission cross

section (dye absorption cross section and quencher absorption cross section) at the lasing
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wavelength (Ac). n is the fraction of the light in the evanescent field. Qo is the OFRR
empty-cavity Q-factor. m is the effective refractive index of the circulating optical mode.

Here we assume that each MB has only one dye and one quencher attached. At the

threshold, Eq. (6.7) becomes:

~ Gdye,a (ﬂ“e) + unencher,a (ﬂ“e) . [1 + Qabs ] (68)
Gdye,e (/?‘e) UQO
where y=n;/nt and
27mm
Qabs = (69)

ﬂ’enT [O-dye,a (/16) + O_quencher,a (ﬂ’e )]

is the Q-factor related to the dye and quencher absorption.

Note that y depends on the dye concentration as well as the emission/absorption
cross sections of the dye and the quencher. For our OFRR system (nt=50 uM, m=1.40),
Qabs>>NQo. Therefore, Eq. (6.8) can be simplified as:

pa L 2w 1 (6.10)

O_dye,e(ﬂ’e) ﬂ’enT 77Q0 .

With T]Qo=105 and csdye,e=4xlO'16 cm? that are typically obtained with the OFRR and the
dye [92, 254, 255], vy of approximately 10% is obtained, which is similar to that obtained
with other dye laser systems (~1-10%) [92, 213]. In the subsequent simulation, we used
1=10%.

Using the rate equations for a four-energy-level system, n; can be estimated

by[254]:

S (6.11)

where
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M,pen =[MB, 1+ [MB

open pen — DNA] (6.12)
is the concentration of the dye molecules on the open MB (i.e., the summation of State #1
and #2). Here we assume that the dye attached to the closed MB does not contribute to
the population of the emissive excited states (i.e., n;) due to the strong quenching effect. |

is dimensionless and is linearly proportional to the pump intensity [254]. Rewriting Eq.

(6.11), we arrive at an important lasing threshold condition, which is related to vy:

Y
I, = = (6.13)
where
T = Mopen. (6.14)
ny

is the fraction of the MBs that are in the open state. Fig. 6.4 shows the normalized lasing

threshold for the target and single-base mismatched DNA based on Eqgs. (6.12-6.14).
During the laser operation, the lasing emission is a few orders of magnitude

stronger than the spontaneous emission [254]. The laser output power is linearly

proportional to the pump intensity, Iyump, above the lasing threshold [254]:

I
I oo ’;1’ ~1). (6.15)

output
th

Considering Egs. (6.13) and (6.15), we arrive at

r

ol (—-1)-1. (6.16)

output pump (

Eq. (6.16) enables quantitative measurement of the target DNA concentration. At the
fixed pump intensity, the laser output is proportional to I' and hence the DNA

concentration.
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Fig. 6.4 Lasing threshold for various concentrations of the target DNA and single-base mismatched
DNA based on Egs. (6.12-14). The lasing threshold is normalized to the threshold for [target
DNAJ:[MB]=5:1 (for the purpose of comparison with the experimental results). The dashed horizontal
line illustrates that the lasing threshold can be achieved with [Target DNA]:[MB]=2:1, but not until
when [Single-base mismatched DNA]:[MB] is larger than 100:1. y=10%. Other related parameters are
the same as in Fig. 6.1(B).

From the theoretical analysis presented above, we can obtain some useful
information for laser intra-cavity sensing. Equation (6.13) plays a central role in SNP
detection using the MB laser. First, it requires that a minimal fraction of MBs must be
open (i.e., I'=y) to achieve lasing. Second, it shows that the small difference in I" between
the target and single-base mismatched DNA can be significantly enlarged in the lasing
threshold. For example, for '=22% (11%) for the target (single-base mismatched) DNA,
the conventional MB measurement would yield a discrimination ratio of only 2 in

fluorescence. However, for a MB laser with y=10%, the lasing threshold could be 12
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times different. Such large difference in the lasing threshold, particularly at low DNA-to-
MB ratios, as clearly exhibited in Figure 6.4, allows for us to easily set the external pump
intensity to be above the threshold for the target DNA, but below that for the single-base
mismatched DNA. Consequently, the target DNA leads to extremely strong lasing
emission (i.e., stimulated emission) whereas the single-base mismatched DNA results
only in virtually negligible fluorescence background (i.e., spontaneous emission).
Theoretically, a discrimination ratio high as 10° can be achieved [254]. Such deep noise
(i.e., fluorescence background) suppression mimics the analog-to-digital conversion in
electronics, which eliminates the contribution from the mismatched DNA and generates

high signal fidelity for us to detect the presence of the target DNA.

6.3.2 Experimental study

To demonstrate the SNP detection with the MB-OFRR laser, we first used simple
DNA sequences of poly-A and its single-point mutation [247]. The corresponding MB
was labeled with FAM and DABCYL as the fluorophore and quencher (see Table 6.1 for
sample details). The experiments were performed isothermally at room temperature (~27
°C). Figure 6.5 compares the MB emission in the presence of the target DNA and of the
single-base mismatched DNA under otherwise the same experimental conditions. With
the target DNA, multiple strong lasing peaks occurred at the longer wavelength side of
the FAM emission spectrum, which is typical for a multi-mode dye laser like OFRR [213,
255]. In sharp contrast, only weak, featureless fluorescence was observed with the single-
base mismatched DNA. If we use the spectrally integrated emission intensity as the

sensing signal, a discrimination ratio of 240 is obtained between the target and
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Fig. 6.5 Comparison of the MB emission spectrum in the presence of the target DNA and of the single-
base mismatched DNA. The DNA-to-MB molar ratio is 1:1. MB concentration was fixed at 50 uM.
The pump energy density was 25.6 uJ/mm? at 490.7 nm. The background fluorescence from MB alone

is subtracted. Inset shows part of the fluorescence spectra for the MB alone and in the presence of the
single-base mismatched DNA, respectively.

mismatched DNA, which represents more than two orders of magnitude improvement
over the conventional fluorescence-based SNP detection using the same MB (see Fig.
6.2). Note that, in the OFRR laser, only the MB within the evanescent field of the
circulating optical mode (i.e., approximatelyl100 nm region near the inner surface of the
OFRR) participated in the lasing emission, whereas all the MBs in the whole OFRR cross

section contributed to the fluorescence observed for the mismatched DNA. Therefore, the
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actual discrimination ratio could be as high as 10°, which is typically expected from a
laser system [254].

In addition to the MB emission intensity, the lasing threshold can be used to
differentiate the target and single-base mismatched DNA. Figure 6.6(A) shows the output
intensities extracted from the MB emission spectra as a function of the pump energy
density. For the target DNA, the lasing threshold of approximately 1 pJ/mm’ was
achieved (see the inset of Fig. 6.6(A)). When the pump energy density was above 10
uJ/mm?, the laser output started to saturate. In contrast, no lasing emission was observed
for the mismatched DNA, even with the highest possible energy density from the pump
laser (100 pJ/mm?®). Such huge difference in the lasing threshold is due to the inability of
the mismatched DNA to open adequate MBs to satisfy the requirement of >y in
equation (6.13). With the increased DNA concentrations while keeping MB concentration
unchanged, the laser can be achieved for both target and mismatched DNA, as shown in
Fig. 6.6(B)-(D), with the progressively decreased lasing threshold. The inset of Fig. 6.6(B)
plots the normalized thresholds obtained from the experiments and calculated from
equations (6.12-6.14). Although many details are omitted (such as multi-mode lasing),
our theoretical model agrees qualitatively with the experimental results, suggesting that it
reflects the essence of the MB-OFRR laser system and provides an insight into the
corresponding SNP detection scheme.

Direct and specific detection of the target DNA from a pool of single-base
mismatched DNA molecules provides an excellent test-bed to examine the SNP detection
selectivity. Unfortunately, to date, nearly all conventional MB SNP detection schemes

can only detect the pure target or mismatched DNA individually and then theoretically
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Fig. 6.6 Spectrally integrated MB emission intensity vs. the pump energy density for various
concentrations of the target and single-base mismatched DNA. (A)-(D), [DNA]:[MB]=1:1, 2:1, 3:1, and
5:1, respectively. Upper and bottom data points in each figure are for the target and single-base
mismatched DNA, respectively. Upper and bottom solid lines are the linear fit for the pump energy
density above the lasing threshold. The lasing threshold is labeled near the corresponding curves. No
lasing emission was achieved with the single-based mismatched DNA in (A), even with the highest
possible pump energy density (~100 wJ/mm?). The MB concentration was fixed at 50 pM. Spectral
integration takes place from 544 nm to 565 nm. Inset in (A) shows the magnified part of (A). Inset in
(B) shows the normalized lasing thresholds for various concentrations of the target and single-base
mismatched DNA presented in (A)-(D). Upper and bottom data points are for the target and single-base
mismatched DNA, respectively. The open circle at DNA-to-MB ratio of 1 is obtained using the
estimated threshold (100 wJ/mm?), since no lasing was achieved. Solid lines are the magnified part of
Fig. 6.4. Both experimental and theoretical results are normalized to the threshold corresponding to
[Target DNA]:[MB]=5:1.
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estimate the fractional target DNA can be detected [241, 242, 246, 247], since the signal
from a DNA mixture becomes very difficult to de-convolve due to the small fluorescence
difference between the target and the mismatched DNA. In contrast, as the intra-cavity
detection provides the “clear-cut” analog-to-digital type conversion, the signal generated
by the mismatched DNA is completely suppressed and thus does not interfere with the
positive identification of the target DNA. To verify this, in Fig. 6.7, we set the pump
intensity slightly higher than the threshold for the target DNA at 2:1 molar ratio with
respect to the MB, but lower than that for the mismatched DNA (see Fig. 6.4 for
illustration). As a negative control, in Fig. 6.7(a)-(e) no lasing emission was observed for
the single-base mismatched DNA even at an extremely high concentration ([Single-base
mismatched DNA]:[MB]=100:1). However, strong lasing emission emerged when small
amount of the target DNA was added, thus allowing us to positively identify the presence
of 1 target DNA out of 50 single-base mismatched DNA molecules.

The OFRR laser can further be used to quantify the target DNA concentration.
Based on equations (6.15) and (6.16), the output power is linearly proportional to the
pump energy density above the threshold or to the fractional MB that is open (I") above
the minimal fractional MB required for lasing (y). Figure 6.8 plots the lasing emission
spectra for different concentrations of the target DNA for fixed MB concentration at

fixed pump energy density, and clearly verifies the relationship predicted by equation

(6.16).
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Fig. 6.7 Selective detection of the target DNA from high concentrations of the single-base mismatched
DNA. a-e, negative controls. No lasing emission observed from a wide range of concentrations of
single-base mismatched DNA samples in the absence of the target DNA. The molar ratio of the target
DNA, single-base mismatched DNA, and the MB, ie., [Target DNAJ:[Single-base mismatch
DNA]:[MB], is labeled on the right side of the corresponding curves. f, Positive control. Lasing
emission emerged when small quantity of target DNA was added in the high concentration of single-
base mismatched DNA. During the experiments, the MB concentration was fixed at 50 uM and the
pump energy density was 0.8 pJ/mm? slightly higher than the lasing threshold for the target DNA
given in Figure 6.6(B). Curves are vertically shifted for clarity.

Table 6.2 MB and DNA sequences used in the experiments for cancer marker detection

Sample name Sequence

5°-/6-FAM/ CCTAGCC-CCTATGTATGC
TCTTTGTTGT-GGCTAGG /DABCYL/-3’
5’-TAAC-ACAACAAAGAGCATACATAGG-

Molecular beacon (MB-BRCA1)

Target-BRCA1

GTTT-3’

SNP-M 5’-TAAC-ACAACAAAGAACATACATAGG-
GTTT-3

SNP-E 5’-TAAC-ACAACAAAGAGCATACATGGG-
GTTT-3’
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Fig. 6.8 Lasing emission spectrum of the MB hybridized with various concentrations of the target
DNA. (A)-(D), [Target DNAJ:[MB]=1:1, 2:1, 3:1, and 5:1, respectively. The MB concentration was
fixed at 50 pM and the pump energy density was 6.2 uJ/mm?* at 490.7 nm. Inset shows the spectrally
integrated intensity from 544 nm to 565 nm (normalized to the highest output) obtained from (A)-(D),
along with the normalized theoretical results based on equation (6.16).

To further validate our method, we used more complicated DNA sequences,
breast cancer and ovarian cancer gene, BRCAI1, and its single-point mutations. The
sequences for the MB, target DNA, and single-base mismatched DNA are given in Table
6.2. In particular, for the single-base mismatched sequences, the mutation occurred in the
middle (SNP-M) and at the end (SNP-E) of the sequence, respectively. For comparison
purposes, all the sequences are the same as those in Ref. [243], in which the conventional

MB method was used and showed a very small discrimination ratio of 1.5 (1.2) between

120



500 1400
400 (A) 1200 | (B)
= 1000 S 4
> ~~
5 300 =
s < 800t
>
£ 200 -
w w)
= =
2 WWW’M Ao ot 2 2 400
£ 100 b . Ao 1 2
200 e
0 e Lo TR Jaul ]iA "
Ll i 4 Wi i ity LinalLit
| 1 1 1 1 1 0 T & i * T R f 1
530 535 540 545 550 555 560 530 535 540 545 550 555 560
Wavelength (nm) Wavelength (nm)

Fig. 6.9 Comparison of the MB emission spectrum in the presence of the target DNA and of the single-
base mismatched DNA. (A), [DNA]:[MB]=1:1. Pump energy density was 3 pJ/mm’ for Curves 1-3.
(B), [DNA]:[MBJ=5:1. Pump energy density was 1 uJ/mm? for Curves 1-3 and 3.2 uJ/mm? for Curve 4.
In both (A) and (B), Curve 1: SNP-M in buffer. Curve 2: SNP-E in buffer. Curve 3: target DNA in
buffer. Curve 4: target DNA in 50% serum. MB concentration was fixed at 50 pM. Curves are
vertically shifted for clarity.

the target and SNP-M (SNP-E). Figure 6.9(A) plots the spectra for [DNA]:[MB]=1:1 and
clearly shows that our method is capable of differentiating the target and the mismatched
DNA (discrimination ratio > 100), regardless of the mismatch position. With the
increased DNA concentration (Fig. 6.9(B)), the lasing emission can also be achieved for
SNP-E, but not for SNP-M. Such difference between SNP-E and SNP-M is due to the
higher affinity of SNP-E for the MB, which is consistent with the lower discrimination
ratio observed in SNP-E using the conventional MB method [243]. Note that although
both target and SNP-E can lase at high concentrations, the difference in the
corresponding lasing threshold still allows us to differentiate the target from the
mismatched DNA (SNP-E and SNP-M), as shown in Fig. 6.10. For a given DNA

concentration, the target has the lowest lasing threshold, whereas SNP-M has the highest.
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Fig. 6.10 Spectrally integrated MB emission intensity vs. the pump energy density for various
concentrations of the target and single-base mismatched DNA. (A)-(C), [DNA]:[MB]=1:1. (D)-(F),
[DNA]:[MB]=5:1. Solid lines are the linear fit for the pump energy density above the lasing threshold.
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So far, all the experiments were performed in buffer solution. When samples are
in other media such as serum, the value of I' and/or y may change. For example, when
serum is used, Y may increase due to the additional loss introduced by serum absorption.
Nevertheless, the detection principle discussed in this paper should still be valid. As
shown by Curve 4 in Fig. 6.9(B), the lasing emission can be obtained even when the
DNA samples were in 50% serum. The corresponding lasing threshold curve plotted in
Fig. 6.10(D) shows that the lasing threshold is approximately 2.5 pJ/mm?, which, as
expected, is much higher than that when the sample is in buffer solution. Using equation
(6.13) and assuming that serum does not affect the affinity between DNA and the MB

(i.e., Iserum=I buffer, Where I'serum (bufrer) 1S the fraction of the open MBs when samples are in
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serum (buffer)), we estimate that Yserum=2.760Vbutfer- Because of this increased vy, the
necessary condition, ['serum™>Yserum,» €an no longer be satisfied for SNP-E and SNP-M in
serum for both [DNA]:[MB]=1:1 and 5:1. Consequently, no lasing emission can be
achieved for SNP-E and SNP-M in serum, thus allowing us to differentiate the target

DNA from the single-base mismatched ones.

6.4 Conclusion

The significance of this work lies in both optofluidics and biotechnology. From
the optofluidics perspective, our work marks, to the best of our knowledge, the first
application of active intra-cavity biomolecular detection using optofluidic lasers. It
proves the tremendous capability of the optofluidic laser in biochemical analysis. The
same detection scheme can readily be adapted for all different types of optofluidic lasers
[19] for highly sensitive and selective intra-cavity bio-analysis, thus opening a door to a
number of research areas in optofluidics.

From the biotechnology perspective, our method provides a new detection
paradigm that is potentially capable of distinguishing two DNA sequences with small
thermodynamic differences and even directly measuring the target DNA from mixed
samples with unprecedented selectivity. Although the detection method was
demonstrated with SNP and MB probes, the same concept can be applied in
differentiating other small differences in DNA sequences, such as DNA methylation
[244], where DNA sequences are differed by only one or a few methylated cytosines, and

in the situation where linear DNA probes are used.
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Likewise, future research will involve studies on both photonic side and
biological side. On the photonic side, we will increase the effective Q-factor (i.e., NQo in
equation (6.8)) to further improve the OFRR detection performance. With a thinner wall
thickness, stronger interaction between the optical mode and the MB can be obtained. In
fact, lasing emission with a dye concentration of 1 uM was recently achieved using an
OFRR with 600 nm wall thickness [256]. Other types of high-Q optical cavities can also
be explored [19, 257, 258] that may result in lower MB/DNA concentrations and reduced
sample volumes. Microfluidics to generate droplets on-demand will be built for more
efficient and rapid sample delivery (>3,000 droplets per second) with 0.1-1 nL sample
volume [243, 259]. Such a low sample volume, accompanied by low sample
concentration (<1 uM), suggests that only fewer than 10’ DNA molecules are needed for
selective detection [260]. Additionally, an optical fiber taper will also be used to
exclusively couple the lasing emission out into the detector [92], thus the theoretical
discrimination ratio (~10°) may become approachable. Moreover, different fluorophores
(such as dyes and quantum dots) and quenchers (such as organic quencher and metallic
nanoparticles) will be explored for possible multiplexed detection. Finally, temperature
ramping can be implemented to further optimize the detection [246]. On the biological
side, our work will be extended to differentiation of DNA methylation [244], detection of
microRNA [261], high resolution DNA melting analysis [244, 262], and even monitoring

of the biological processes occurring inside a cell [263].
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Chapter 7

Summary and Future Work

In the preceding chapters I have presented the background and motivation of
developing the OFRR platform. Fabrication, characterization, and fundamental working
principles of the OFRR were described in particular detail. Based on this platform, two
applications of the OFRR were extensively studied, chemical vapor detection and
microfluidic laser intra-cavity DNA detection.

In the chemical vapor detection project, the OFRR gas sensing platform was first
built and tested with representative gas analytes at different concentrations. The OFRR
features rapid response to chemical vapors, owing to its efficient fluidics. The WGM
spectral shift is linearly proportional to the vapor concentrations. Additionally, the
theoretical analysis was performed on the OFRR gas sensing using a four-layer Mie
model, which provides guidelines to the sensor design. To improve the gas sensing
specificity, the OFRR sensing technique was integrated with GC separation technology,
and the OFRR-based uGC system was developed. The dual use of the OFRR capillary as
a separation column and an optical detector renders the OFRR-based nGC system unique
multi-point on column detection capability. Rapid detection of DNT vapors out of
interfering analytes was demonstrated using the OFRR-uGC. A tandem-column setting of
OFRR-uGC was further studied to enhance the chromatographic resolution. A vapor
mixture of twelve analytes of different volatilities and polarities are separated and

detected within four minutes using the tandem-column OFRR-uGC system.
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The second project investigated the active sensing based on the OFRR microlaser.
Compared to the passive cavity sensing, the active cavity sensing offers potentially high
selectivity and sensitivity. However, this area remains largely yet unexplored. Based on
the OFRR, we have developed, for the first time, bio-compatible optofluidic lasers. DNA
molecules can be incorporated into the laser gain medium and control the lasing emission
properties through efficient FRET. This platform was further employed to explore the
highly selective intra-cavity bimolecular detection. Two orders of magnitude
improvement in detection selectivity was achieved over the conventional fluorescence
detection method in differentiating the target and single-base mismatched DNA
sequences.

The future research work will focus on the following aspects. First and foremost,
continuous improvement in the OFRR cavity parameter, Q/V, will be the key to
improving the LOD in OFRR gas sensing and to lowering the lasing threshold (or
lowering gain medium concentration) in OFRR microlasers. While the OFRR already has
an ultra-high Q-factor (>107), the lack of optical confinement in the capillary axial
direction causes a relative large mode volume for the WGM. To solve this problem while
preserving the efficient capillary microfluidics, a bubble shaped OFRR structure is
proposed and currently under investigation [256, 264]. The WGM of this structure is
under true three-dimensional confinement, which will further increase the Q-factor and
dramatically decrease the mode volume compared to the straight capillary based OFRR.
The efficient capillary microfluidics can also be preserved in the bubble shaped OFRR.

Second, for the OFRR-uGC system, efforts will be placed on system integration

and field deployment. Pre-concentrators and pumps will be used to replace the gas
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injector used in the current configuration to make the entire OFRR-puGC system fit into a
portable briefcase. We envision that a broad range of field applications can be carried out
with the future version of OFRR-uGC system.

Third, my work on the optofluidic laser intra-cavity detection has opened a door
to a variety of highly sensitive and highly selective biosensing applications. An
immediate step will be to utilize the bubble-shaped OFRR mentioned above to achieve
DNA detection in the nano-molar range. If successful, the sensing platform developed in
this thesis will be very useful in differentiating DNA sequences with very small
difference (such as in the case of DNA methylation detection and microRNA detection),
which is significant not only in fundamental biochemical research, but also in clinical

applications.
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