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Abstract

We achieve optofluidic lasers with a single molecular layer of gain, in which green
fluorescent protein, dye-labeled bovine serum albumin, and dye-labeled DNA are respectively
used as the gain medium and attached to the surface of a ring resonator via surface
immobilization biochemical methods. It is estimated that the surface density of the gain
molecules is on the order of 10'%/cm?, sufficient for lasing under pulsed optical excitation. It is
further shown that the optofluidic laser can be tuned by energy transfer mechanisms through
biomolecular interactions. This work not only opens a door to novel photonic devices that can be
controlled at the level of a single molecular layer, but also provides a promising sensing platform

to analyze biochemical processes at the solid-liquid interface.

Page 2 of 20



Page 3 of 20

Lab on a Chip

Introduction
The optofluidic laser is an emerging technology that integrates microcavity, microfluidic

channel and gain medium in liquid."” It has a broad range of applications in novel photonic

11-16

devices, such as on-chip tunable coherent light source®'” and bio-controlled laser, and in

2,3,5,17-22

sensitively analyzing biomolecules. The optofluidic laser exhibits great versatility.

6,15,18,22

Various microcavities have been developed, including Fabry-Pérot cavities, ring

11,13,14,16,

resonators, 1921 distributed feedback cavities"* and photonic crystals.'” Many types of

6,8,10,11,13, 16,18,21

materials, such as organic dyes, 1929 hiomaterials (fluorescent proteins, vitamins,
luciferins'*) and products of enzyme-substrate reaction,” can be used as the gain medium. To
date, nearly all optofluidic lasers are demonstrated with the gain medium dispersed in bulk
solution. Consequently, the entire lasing mode present in liquid interacts with the gain medium.

15,16 and

For example, for the optofluidic laser based on Fabry-Pérot cavities,*'>'® droplets
distributed feedback cavities,® most of the lasing mode (>90%) is in the gain medium. For those
based on ring resonators and photonic crystals, the entire evanescent field (characteristic decay
length of approximately 100 nm) resides in the gain medium. Accordingly, bio-control of and
bio-analysis with the optofluidic laser need to be accomplished in bulk solution.

Here, we achieve optofluidic lasers with a single molecular layer of gain medium placed
at the interface of a solid substrate and liquid. The motivation behind this work is three-fold.

First, lack of precise control on gain medium position may significantly deteriorate the
lasing performance. For instance, in the ring resonator case, only 0.1-1% of gain molecules in
bulk solution participates in the lasing action. The rest simply contributes to the fluorescence
12,19,20,22

background that affects the quality of laser emission or sensitivity of the bioanalysis.

Placing the gain medium at the optimal position for the maximal light-matter interaction will not
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only improve the lasing efficiency and threshold, but also reduce fluorescence background and
enable better control of the laser.

Second, the optofluidic laser has been used for bioanalysis,*"'*!%%*

which complements
the conventional fluorescence based technologies. There are two generic schemes in fluorescence
based detection - bulk solution detection and surface detection. In bulk solution detection case,
biomolecules move freely in sample solution. Typical examples include detection with molecular
beacons®* and intercalating dyes.”” In surface detection case, biomolecules are immobilized or
captured on a solid/liquid interface such as using microbeads.”® While the optofluidic laser has

2,3,5,18-22 - :
its surface based detection

been quite successful in bulk solution based detection,
capability has not been explored. Demonstration of an optofluidic laser with a single molecular
layer on the solid/liquid interface would be a critical step towards a plethora of studies analogous
to those using fluorescence.

Third, the laser with a single molecular layer of gain, which is similar to a semiconductor
laser such as VCSEL (vertical-cavity surface-emitting laser) that consists of a single quantum-

well layer as the gain medium,””*

is fundamentally interesting, as it provides a means to
ultimately test the capability and limit of a laser. Indeed, lasing from a thin fluorophore-doped
film coated on the resonator surface using various coating methods (e.g., spin-, dip-, or drop-
coating) has recently been demonstrated.””>® However, those methods result in a coating
thickness of approximately 100 nm, equivalent to hundreds of molecular layers. Lasing from a
single molecular layer of gain has never been realized.

In this work, using surface immobilization biochemistry we are able to attach a single

layer (or even a sub-layer) of gain molecules on the surface of an optical fiber, whose circular

cross section serves as the ring resonator (Fig. 1(A)). The whispering gallery modes (WGMs)
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supported by the ring resonator interact with the gain molecules and provide the optical feedback
for lasing. We demonstrate strong lasing emission from enhanced green fluorescent protein
(eGFP) and dye-labeled bovine serum albumin (BSA) with a surface density of approximately
10'* /em®. Control of the lasing emission is also achieved using energy transfer via DNA

hybridization on the surface.

Experimental

An optical fiber (SMF-28, 125 um in diameter) is chosen to serve as the ring resonator in
this work due to its easy preparation, predictable WGM evanescent field distribution near the
surface and consistent quality along the axis.** The Q-factor of this type of ring resonator
exceeds 10°.3%¢ To functionalize the ring resonator surface, the fiber is first sonicated in acetone,
ethanol and deionized (DI) water in series, each for 15 minutes. Then the cleaned fiber is
immersed in HCl/ethanol (v:v=1:1) for 30 minutes. After rinsed in DI water and dried under air
flow, the fiber is silanized with (3-aminopropyl)-trimethoxysilane (3-APTMS, 5% in methanol)
for 30 minutes and rinsed with ethanol. Finally, the fiber is cured at 110 °C overnight and stored
in a refrigerator at 4 °C for future use. For subsequent attachment of a single layer of gain
molecules on the fiber surface, the silanized fiber is activated with freshly prepared
homofunctional amine-to-amine cross-linker bis(sulfosuccinimidyl) suberate (BS®) (0.1 mg/mL
in phosphate-buffered saline (PBS)) for 30 minutes and rinsed with PBS before incubation with
the molecules of interest.

The optofluidic laser setup is illustrated in Fig. 1(B). The fluidic chamber is made of
PDMS (polydimethylsiloxane). It has an inlet/outlet for liquid delivery. The fiber is suspended

inside the chamber with no contact with the chamber wall. A confocal setup is used to excite the
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ring resonator with a pulsed optical parametric oscillator (OPO) (repetition rate: 20 Hz, pulse

width: 5 ns) and collect the laser emission via a multi-mode fiber.

Results and Discussion
We first test the lasing capability of a single layer of eGFP on the surface. The eGFP
sample is purchased from BioVision. Each eGFP has a molecular weight of 32.7 kDa and is

shaped like a barrel with a length of 4.2 nm and diameter of 2.4 nm and a single emission center.

The BS” activated fiber is inserted into the chamber, which is later filled with 1 pM eGFP in PBS.

After 30 minutes of incubation, which covalently binds eGFP molecules to the resonator surface
(inset of Fig. 2(A)), 1 mL PBS solution is flowed through the chamber to wash away the
unbound molecules. As a result, only those eGFPs that are cross-linked by BS® remain on the
surface and form a single or an even sub-layer (considering only partial surface coverage) of gain
molecules.

Figure 2(A) shows the eGFP lasing spectrum with multiple lasing peaks due to the multi-
mode nature of the WGMs. As nearly all gain molecules participate in the lasing action, the
fluorescence background is negligible. The lasing threshold derived from Fig. 2(B) is
approximately 23 puJ/mm?. These results demonstrate that even a single (or sub-) layer of gain
molecules is sufficient for lasing. The lasing threshold is on par with that for the bulk solution
based optofluidic laser using much higher concentrations of eGFP (typically >10 uM).*' Note
that in Fig. 2(B), each measurement in the threshold curve is performed on a different portion of
the fiber slightly shifted along its longitudinal axis to eliminate the photo-bleaching effect on the

emission intensity. Overall, the gain medium coverage on the fiber is homogenous. Deviation
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from linear fit observed for the data point may be attributable to the local inhomogeneity of the
gain medium.
Theoretical analysis is carried out to understand the laser process (see details in the

Supplementary Information). Lasing threshold can be written as:'’

where I is the fraction of gain molecules that participate in lasing action (I'=1 in eGFP case).

y 1is the fraction of gain molecules in the excited state at the threshold,

A 27rm, L
A cmmb g
AR T 7R VR

where A is the surface density of the excited molecules. A is the total surface density. 77 is the

fraction of mode energy in the evanescent field. c.(A¢) is the eGFP emission cross section at
lasing wavelength. m; is the effective refractive index of the circulating optical mode, Qo the
quality factor of the cavity mode. L is the penetration depth of the evanescent field. Thus, A/L is
the effective bulk solution concentration. The surface density of eGFP for a fully packed surface
is about 10"/cm® Considering the steric hindrance issues, the surface density of eGFP is
estimated to be on the order of 10'*/cm® which is similar to the maximal surface coverage of
proteins cross-linked on a ring resonator surface obtained in optical label-free measurement.’’
Assuming 100 nm as the evanescent field penetration depth, we can calculate the effective local
concentration of eGFP (i.e., A/L) to be approximately 170 uM. Therefore, despite low
concentration (1 M) used in the experiment, surface immobilization process results in a much

higher local concentration, which is critical for laser operation. Accordingly, 7= 4.3%, similar to

that obtained by other dye laser systems (~1%-10%).%>~*
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In the above experiment, the eGFPs are attached to the surface non-specifically. We also
demonstrate that the lasing can be achieved from a single layer of molecules attached to the
surface specifically. To achieve specificity, anti-BSA and dye-labeled BSA (Alexa Fluor®-488)
(both from Life Technologies) are used. The BS® activated fiber is first incubated with 3 uM
anti-BSA PBS solution for 30 minutes. After rinsing by PBS buffer, 1 uM BSA is injected into
the chamber and incubates for another 30 minutes. Finally, the fiber is rinsed by and filled with
PBS buffer before laser tests. Figure 3(A) is the lasing spectrum of a control fiber on which BSA
molecules are cross-linked non-specifically as in the eGFP case. Figure 3(B) shows the lasing
spectrum of specifically bound BSA through anti-BSA. Strong laser emission is observed in both
cases. However, specifically bound BSA requires approximately ten times higher pump intensity
to achieve the same emission intensity. The difference can be accounted for by the reduced
coverage of gain medium on the surface due to multiple immobilization steps, steric hindrance
and non-functional anti-BSA on the surface. Based on the theoretical analysis, we can compare
Fig. 3(A) and (B) to estimate the BSA/anti-BSA binding. The coverage of BSA through binding
with anti-BSA is calculated to be 14% of that through direct non-specific cross-linking (see
details in the Supplementary Information).

Going one step further, we show that lasing through a single layer of gain medium can
not only be achieved but also be tuned by the fluorescence resonance energy transfer (FRET)

1213 \which is a critical to biological and biomedical

mechanism as in the bulk solution case,
applications, as well as photonic devices. We use DNA for this demonstration due to its simple
and robust hybridization mechanism. Two 40 bases long single-stranded DNA sequences are

purchased from Integrated DNA Technologies. One is designated as the probe DNA, which is

biotinylated at the 5’ end and labeled with Cy3 (donor) at the 3’ end. The other is designated as
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the target DNA, which is complementary to the probe DNA and labeled with Cy5 (acceptor) at
the 5° end (see Table S1 in the Supplementary Information). The DNA stock solutions are
prepared by dissolving the corresponding samples in 500 uL 1X TAE (Tris-Acetate-EDTA)/12.5
mM MgCl,, which are further diluted in subsequent experiments. As in the previous experiments,
the fiber is activated by BS® first. Then 0.5 mg/mL streptavidin in PBS is introduced into the
chamber and incubated with the fiber for 30 minutes, followed by sequential PBS, DI water and
TAE/MgCl, buffer rinsing. Finally, 1 uM probe DNA solution is injected and incubated for 30
minutes before TAE/MgCl, buffer rinsing. Through the well-known biotin-streptavidin
interaction, the probe DNA and hence Cy3 molecules are attached to the ring resonator surface.
Figure 4(A) shows the typical Cy3 lasing spectrum, as expected. Then, 10 nM target
DNA solution is injected into the chamber and incubated for 20 minutes, followed by
TAE/MgCl; buffer rinsing. Due to the hybridization of the probe and target DNAs, a fraction of
Cy3 molecules on the surface are brought to close proximity of Cy35, resulting in highly efficient
(nearly 100%) energy transfer between Cy3 and Cy5 that quenches Cy3 emission. As shown in
Fig. 4(B), the laser emission from Cy3 is significantly reduced compared to Fig. 4(A), despite
doubled pump intensity. For further Cy3 lasing suppression, 50 nM Cy5-labeled target DNA is
introduced. No Cy3 lasing can be observed even with the pump intensity as high as 1000 pJ/mm?.
The presence of the target DNA (and hence Cy5) on the surface can be directly verified by Cy5
lasing in Fig. 4(C) during which time Cy3 lasing is suppressed. Alternatively, the reduction of
Cy3 lasing emission can also be achieved by hybridizing the probe and target DNA strands in
free solution first before immobilizing them on the surface (see Fig. S2 in the Supplementary
Information). Quantitative comparison of Cy3 lasing characteristics before and after

hybridization with the 10 nM target DNA is plotted in Fig. 4(D). As shown in Fig. S3(A),
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reduction of the laser emission in the presence of the target DNA ranges from 100% (when the
pump intensity is below the lasing threshold) to 65% (when pump intensity is well above the
lasing threshold). In contrast, only 20% reduction is obtained with regular fluorescence based
measurement (Fig. S3(B)). Significant differences between the lasing with and without the target
DNA are also evident in lasing threshold and efficiency (Figs. 4(E) and (F)), attesting to the
tuning and possible sensing capability of the laser with a single layer of gain on the surface. A
simple calculation shows that based on the 3 times difference in Cy3 lasing threshold before and
after 10 nM target DNA incubation, 64% of the immobilized probe DNA is hybridized with the
target DNA.

In summary, we have successfully achieved optofluidic lasers with only a single (or even
sub-) molecular layer of gain medium. Clean laser emission is observed with virtually no
fluorescent background, thanks to well-controlled molecule’s positions. In addition, due to the
maximal light-matter interaction at the solid/liquid interface and the pre-concentration nature of
the surface immobilization, only 1 uM of biomolecules (and hence the fluorophores) is needed to
achieve the lasing, 10-1000 fold lower than the typical fluorophore concentration used in bulk
solution based optofluidic lasers.®**>*° Furthermore, the optofluidic laser can be tuned using
FRET through biomolecular bindings. Finally, threshold analysis based on the laser theory
provides a simple means for us to estimate biomolecule surface coverage.

Since all the gain molecules are accessible from outside in the laser with a single layer of
gain, any external stimuli are expected to cause a rapid and drastic change in the laser gain and
hence the laser output characteristics. Therefore, we envision the work presented here will lead
to the development of novel photonic devices that can be sensitively controlled at the level of a

single molecular layer. Meanwhile, the potential of biosensing can also be explored to

10
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complement the traditional fluorescence based bioanalysis. Currently, the total number of gain
molecules participating in the laser action is about 10 million (assuming a surface area of 1000
um®). With further reduction of the resonator dimension and surface using nanophotonic
technologies, it may be possible to achieve detection of a small number of molecules, in which
changes in only one or a few gain molecules may cause an appreciable change in the laser output

characteristics.

The authors thank the financial support from the National Institutes of Health

(1IR21EB016783) and discussion from David Burke and Rizal Hariadi.
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Captions:

Figure 1 (A) Cross-sectional view of the ring resonator laser in the liquid environment.
WGM: whispering gallery mode. Inset, illustration of a single molecular layer of
gain medium attached on the fiber surface through cross-linking chemistry. (B)
Schematic of the experimental setup. OPO: optical parametric oscillator; ATT:
attenuator; L1/L2/L3: lenses; BS: beam splitter; F: filter; D: detector. Inset, top

view of the fluidic chamber. Chamber dimension: 35 mm x3 mm x 0.5 mm.

Figure 2 Lasing characteristics of a single layer of eGFP. (A) Lasing spectrum. Pump
intensity is approximately 120 pJ/mm? per pulse. Excitation wavelength: 488 nm.
(B) Spectrally integrated eGFP laser output as a function of pump intensity.
Spectral integration takes place between 507 nm and 542 nm. Lasing threshold is
approximately 23 pJ/mm? per pulse. Solid line is the linear fit above the threshold.

Error bars are obtained with 3 measurements.

Figure 3 Lasing spectra from Alexa Fluor®-488 labeled BSA. (A) BSA is immobilized on
the ring resonator surface using a cross-linker. Pump intensity: 100 pJ/mm? per
pulse. Excitation wavelength: 488 nm. (B) BSA is immobilized on the ring
resonator surface via binding with anti-BSA. Pump intensity: 1000 uJ/mm2 per
pulse. Excitation wavelength: 488 nm. Cartoons above the figures illustrate the

corresponding immobilization schemes.

12
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Figure 4
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Comparison of donor (Cy3) laser emission in the absence and presence of
acceptor (Cy5). (A) Laser emission from Cy3 in the absence of Cy5. Pump
intensity: 108 pJ/mm” per pulse. Excitation wavelength: 518 nm. (B) Laser
emission from Cy3 in the presence of Cy5. Pump intensity: 220 uJ/mm? per pulse.
Excitation wavelength: 518 nm. (C) Laser emission from Cy5. Pump intensity:
106 pJ/mm” per pulse. Excitation wavelength: 625 nm. Cartoons above the (A)-(C)
illustrate the corresponding immobilization schemes. (D) Spectrally integrated
Cy3 laser output as a function of pump intensity in the absence (triangles) and
presence (squares) of Cy5. Spectral integration takes place between 563 nm and
637 nm using the laser emission spectra similar to those shown in (A) and (B).
Solid lines are the curve fit above the respective thresholds, showing a threshold
of 28 pJ/mm?” and 84 pJ/mm? and a lasing slope of 25 mm*/uJ and 12 mm?/pJ,
respectively, for Cy3 laser in the absence and presence of Cy5. (E) and (F) Lasing
threshold and slope obtained with the corresponding curves similar to those

plotted in (D). Error bars are generated with 5 measurements.
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