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Outline

Optofluidic Lasers

» Potential of optofluidic lasers for biosensing
» Optofluidic lasing with agueous quantum dots

« Optofluidic FRET lasing with aqueous quantum dots as donors

Gas Sensing With Elastic Microresonators

* Humidity sensinf with polymer microdisk microresonators

* Hydrogen sensing with polymer microdisk microresonators



POTENTIAL OF OPTOFLUIDIC
LASERS FOR BIOSENSING
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Fluorescence Assay

Fluorescence microplate applications

Caspase Assays Cell Proliferation Cell Signaling and Lipids
» Live-cell assays « DNA content » Cholesterol
» (Caspase-3/7 assays « DNA synthesis * Phosphate and pyrophosphatase
« (Other caspase substrates + Phosphatase

+ Phosphelipase

Cell Viability Enzyme Activity B-Galactosidase Assays
+ Mammalian cell assays (measuring + Phosphatazes s Assay kits
reduction potential and membrane + Phospholipases + [-gal substrates
integrity) + Proteases s Glucosidase substrates
+ Bactera and yeast assays s Other enzymes
lon Indicators Metabolites and Analytes Nucleic Acids
= Intracellular calcium « Metabolic assays « dsDNA assays
= Intracellular magnesium « MNeurobiology assays « ssDONA assays
« pHindicators « Inflammation assays « RMA assays
Protein Quantitation Reactive Oxygen Species Viability Confirmation

https//WWWthermofIShéiB@@’I‘Tl « Oxidative stress o Multiplexed viability/cytotoxicity



FRET-Based Fluorescence Assay for ssDNA
Detection

Fluorophore

" Probe

Quencher ;

CGTCGCAG

Neutravidin

BSA

Coverslip =

Add Target
Oligonucleotide
L EEENEEEEERERD LT

(b)

B. R. Schudel et al., Lab Chip 11, 1916 (2011)



Fluorescence Resonance Energy Transfer
(FRET)

A DA/AA ... donor/acceptor absorption
DE/AE ... donor/acceptor emission

donor

acceptor
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Non-radiative energy transfer between donor and acceptor due to spectral overlap DE/AA

Strongly distance-dependent - FRET efficiency R,

EFRET - Rg +d6

Typical Forster distance R,: 2 — 10 nm




Biosensing with Optofluidic Microlasers

Benefit from the high sensitivity of stimulated
emission to perturbations in the gain medium
and laser cavity

=

High signal to noise
ratio in biological and
chemical analysis

= Biological sensing using FRET mechanism

Pump Laser
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Biosensing with Optofluidic Microlasers

o MB

MB

Optical
resonant
mode

Dye Quencher ~ DNA

Y. Sun and X. Fan, Angew. Chem. Int. Ed. 51 (2012), 1236 - 1239



lon-dependent Folding of the DNA Holliday
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X. Zhang, W. Lee, and X. Fan, Lab Chip 12, 3673-3675 (2012)
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16 times more sensitivity
experimentally demonstrated!



Biosensing with Optofluidic Microlasers
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Biosensing with Optofluidic Microlasers
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Parameters

Constant Description Numeric Value

Opd Donor absorption cross section at the pump wavelength 3.42 x 10716 em?

Opa Acceptor absorption cross section at the pump wavelength 0.05 x 107'% em?

Oedd Donor stimulated emission cross section at Az 3.78 x 10715 cm?

Oeaa Acceptor stimulated emission cross section at 4, 6.9 x 10716 ¢m?

Ooad Acceptor stimulated emission cross section at 4 0.036 x 107'% ¢m?

Tadd Donor absorption cross section at Ay 1.00 x 10716 em?

T1dd Excited state absorption cross section of donor molecules at A, 0.4 x 107'¢ em?

Tlan Excited state absorption cross section of acceptor molecules at 2, 2.00 x 10719 ¢m?

T1ad Excited state absorption cross section of acceptor molecules at 4, 1.30 x 10719 ¢m?

Taad Acceptor absorption cross section at A4 0.156 x 107'¢ em?

Tpaa Acceptor absorption cross section at A, 1.00 x 1071¢ ¢m?

n Refractive index of the medium 1.33

Td Fluorescence lifetime of donor molecules 4 ns

Ta Fluorescence lifetime of acceptor molecules 3.3 ns 1 Ry 6
Ted Fluorescence lifetime of cavity at A4 Qora/(2me) kpg = — (—) .
Tea Fluorescence lifetime of cavity at A, Qokra/(2mc) Ta \ R
Ad Donor lasing wavelength 560 nm

Aa Acceptor lasing wavelength 655 nm

Ry Forster radius 6.1 nm

Qo Empty cavity Q-factor 106

F Fraction of mode volume occupied by the dye molecules 1

d Depth of the electromagnetic mode 30 pm

w Width of the electromagnetic mode 30 pm

[ Length of the electromagnetic mode 30 pm

V Volume of the electromagnetic mode dwl

At Pump laser pulsewidth 5 ns

c Speed of light in vacuum 3 x 1010 cm/s

h Planck’s constant 6.62606957 x 10734 J -5




Results with a Non-Lasing Cavity (Q=1)
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At=5 ns
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Results with a Lasing Cavity (Q=10°)
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Results with a Lasing Cavity (Q=10°)
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Results with a Lasing Cavity (Q=10°)

10° 5
(Dr(p.lfmm)
10' 125
s —— 80
2 10" —50
~ 31
210° ——20
S8 —13
-5
10 Q:106
10_7 [l I '] ' [ ' [l I [l '
2 4 6 8 10 12

R (nm)

10°

(DP(uJ,f"mmz)
\ 50
— 31
—20
13
Q=106
! | A ] | |

N N

10
=
£ 10
- -6
o310
sa

10

2




Results with a Lasing Cavity (Q=10°)
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Results with a Lasing Cavity (Q=10°)

Q (R) (% / pm)
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Enhancement does not increase with Q-factor

Best performance is observed for Q=104-10° where
donor lasing is missing



Enhancement in Concentration Sensitivities
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Enhancement in Concentration Sensitivities
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Conclusions 1

. Biochemical sensors based on FRET lasing from linked donor—acceptor complexes can bring
about more than 20-fold enhancement of detection sensitivity of conformation changes of the
complex for linker lengths comparable to the Forster Radius of the donor—acceptor pair.

. Our analysis has revealed that cavities with Q-factors between 10%-10° enable optimal sensing
performance.

. More than 1% change can be observed in donor or acceptor emission intensities for 1 nM change
in dye-pair concentration of approximatelyl uM.

Fiber-optic adapler
(kocated i the
spactrofiudromster;

Focusing lens
recaptacis

Can we develop a lasing based microplate reader?

M. Aas, Q. Chen, A. Jonas, A. Kiraz, and X. Fan, IEEE J. Sel. Top. Quan. (2016)



OPTOFLUIDIC LASING WITH
AQUEOUS QUANTUM DOTS



Optofluidic Ring Resonator

Y b i

5 um

Gain medium

® Donor WGM
® Acceptor

5.0kV 21.0mm x800 SE(M) 6/29/07

Two step fabrication:

Y. Sun and X. Fan, Angew. Chem. Int. Ed. (2012) » HF etching
X. Fan, S.-H. Yun, Nature Methods (2014) .
S.1. Shopova et al. Opt. Express (2007)

Q>106
V is large

Pulling under CO, laser irradiation



Laser emission
to spectrometer

OPO Excitation

5.0kV 21.0mm x800 SE(M) 6/29/07

Surface immobilized
aqueous QDs

Aqueous QDs in solution QDs in toluene

nwater::l--“'-;”3 n =1.33 ntoluenez:l--‘]'9

water



CdSeS/ZnS alloyed quantum dots
fluorescence A, 575 nm and A, 630
nm, 6 nm diameter, 1 mg/mL in toluene

CdSeS/ZnS alloyed quantum dots, 6
nm diameter, 1 mg/mL in water

Qdot ® 655, CdSe/ZnS quantum
dots, 8 x 15 nm, in water



CdSeS/ZnS alloyed quantum dots
fluorescence A, 575 nm and A, 630
nm, 6 nm diameter, 1 mg/mL in toluene

CdSeS/znS allo
nm diameter, 1 g

uantum dots, 6
in water

Qdot ® 655, CdSe/ZnS quantum
dots, 8 x 15 nm, in water




Alloyed QDs In Toluene

Lasing intensity (a.u.)
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Qdot ® 655 in Water

Intensity (a.u.)

15x10° F 2 QD concentration 2 uM
::; Wog pd/mm’
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Ultralow threshold: 0.1 pJ/mm?2



Large Absorption Cross-Section of Rod-Like
QDs

600 At pump wavelength (1p = 433 nm) ~2
orders of magnitude higher absorption
€ 500 | as compared to regular dyes (o, = 1 —
L 10 x 10~tecm?)
?, 400 |
S
8 300 |
® I
3
S 200+
S
S 100+
3 i
<
0}

I v I v I v I
400 500 600 700
Wavelength (nm)

A large absorption cross section is an intrinsic property of the QDs related to their size, which is much
larger than the size of an organic dye molecule.

Our QDs have a rod-like geometry that further increases the absorption due to the behavior of their shell
as an efficient antenna.



Qdot ® 655 in Water
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Multiexcitons in QDs

V.1. Klimov et al.
(N) Average number of excitons in the QD

() Probability of having N excitons in the QD. Poisson distribution

_ N
P(N) = (N) N1 (Due to state-filling effect).

- _ Biexciton-exciton cascade

State filling requires biexciton
emission from the S band when —‘—H
N>2
12)
|1)
0—O

0)




Lasing Threshold Condition

V.1. Klimov et al.
(N) Average number of excitons in the QD

—(N)
N!

P(N) = (N)V e Probability of having N excitons in the QD. Poisson distribution.
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Lasing Threshold Condition

V.1. Klimov et al.
(N) Average number of excitons in the QD

—(N)

N!

Probability of having N excitons in the QD. Poisson distribution.

P(N) = (N)¥

P(1)
1 — P(0) — —
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Lasing Threshold Condition

V.1. Klimov et al.
(N) Average number of excitons in the QD

() Probability of having N excitons in the QD. Poisson distribution.

P(N) = (N)¥

N!

P(1) o = B

—_ —_ q:._. f—
: P(O) 2 - B?TL'}ILETF
= LAE)P(O) + A% P(1) e, xx(AL) = 20¢,x (A1)

Je,L‘{("LL) 2 EJX_X(A'L)
2T We find (N) = 4.1 at threshold.
G, XX(AL)HTALF;Q 0 This corresponds to ®,;, = 0.54 uJ /mm?2.

Close to the experimental value ®,;, = 0.1 uJ /mm?2.



Lasing Threshold Condition

V.1. Klimov et al.

(N) Average number of excitons in the QD
P(N) = (WYY e~ Probability of having N excitons in the QD. Poisson distribution.
N!
P(1)
1 — P(0) — T Assume very large (N), P(0) = P(1) =0 .
AV o.(A
_ ( ]:1) P(0) + . ;.( L/:)l P(1) L 2mm
% xx(4L) & xx(Ar) T-min & xx( A) anQ,
2am

+

%,LY(AL)”TALF?QD We obtain ny_,, = 0.65 uM.



Surface Immobilized QDs
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Surface Immobilized QDs
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Very high pumping regime: 0.52 uM < ny ,¢r < 2uM.

Implies 0.37 % — 1.44 % surface coverage



Conclusions 2

. By combining the excellent fluorescent properties of the state-of-the-art core/shell QDs with the
unique properties of the OFRR as an optical cavity, we demonstrated optofluidic QD lasing using
agueous solutions.

. Thanks to the high absorption cross section of QDs and excellent Q-factor of the WGMs in the
OFRR, lasing was achieved at ultralow pump intensities when a bulk QD solution was used as the
laser gain medium.

. In both bulk and surface immbilized cases stable QD lasing was achieved for durations longer
than 5 min, sufficient for many biosensing applications.

. Second lasing demonstration with agueous QDs (J. Schafer et al., Quantum dot microdrop laser,
Nano Lett. 8, 1709—-1712 (2998)).

A. Kiraz, Q. Chen, and X. Fan, ACS Photonics (2015)



OPTOFLUIDIC FRET LASING
WITH AQUEOUS QUANTUM
DOTS AS DONORS



QD-Cy5 Dye FRET Pairs
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QDs are suitable as donors due to their broad absorption bands.



0 0
0 ) " : /@ Cy5 NHS Ester was linked
®/k0’ 5 ®/ . i @*ﬁ . HOT to Qdot 655 having amine
0 0 group on it. (incubation and

NHS Ester Primary Amine Stable Conjugate NHS column filtering was used)
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FRET Lasing Stability Analysis
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Rate Equations

dn, n

_ﬂ'r ZIPJ-&:E(PJ&:_E?&)_T_J_;I—FH& (1:}
r o

dn 1

e =k n,——= 2

kst Q)

ﬂrqﬂ C y c | T {Ia
= _JHE("“’L}HQ __Jaa(’{_[](ha - ﬂa] - {3}

dt m 7 mo r

" ematy



Steady State Solution
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Pure DNA-Cy5 Experiments
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Problem with Auger Recombination
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Conclusions 3

. FRET lasing can be achieved by a suitable QD-Dye FRET pair, choosing a very short distance
between QD and dye, and increasing the labelling ratio.

. It is important to suppress the non-radiative Auger recombination rate of multi-exciton stated of
QDs to enable FRET. This can be achieved with better surface chemistry and the use of Type Il
QDs.

. First FRET lasing demonstration with QDs

Q. Chen, A. Kiraz, and X Fan, Lab on a Chip (2016),
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Outline

Optofluidic Lasers

» Potential of optofluidic lasers for biosensing
» Optofluidic lasing with agueous quantum dots

« Optofluidic FRET lasing with aqueous quantum dots as donors

Gas Sensing With Elastic Microresonators

* Humidity sensinf with polymer microdisk microresonators

* Hydrogen sensing with polymer microdisk microresonators



Sensor Design & Operation Principle
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Hydrogen Sensing Results
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Hydrogen Sensing Results

Uncoated sensor Pd coated sensor
response response
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Hydrogen Sensing Results
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Hydrogen Sensing Results
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Hydrogen Sensing Results
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Conclusions 4

« 3000 ppm sensitivity to H, concentration is achieved 700 ppm sensitivity is predicted
» Better device fabrication for higher optical Q factors

« Sensing of other flammable (CH,, C;Hy) or toxic gases

«  Materials research for more sensitive active layers

« Deal with the reversibility and saturation of the sensor

« Three dimensional computational analysis of compressive and shear elastic forces

«  Humiditiy sensing is mainly due to refractive index change
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