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Optofluidic chlorophyll lasers†
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Chlorophylls are essential for photosynthesis and also one of the most abundant pigments on earth. Using

an optofluidic ring resonator of extremely high Q-factors (>107), we investigated the unique characteristics

and underlying mechanism of chlorophyll lasers. Chlorophyll lasers with dual lasing bands at 680 nm and

730 nm were observed for the first time in isolated chlorophyll a (Chla). Particularly, a laser at the 730 nm

band was realized in 0.1 mM Chla with a lasing threshold of only 8 μJ mm−2. Additionally, we observed las-

ing competition between the two lasing bands. The presence of laser emission at the 680 nm band can

lead to quenching or significant reduction of laser emission at the 730 nm band, effectively increasing the

lasing threshold for the 730 nm band. Further concentration-dependent studies, along with theoretical

analysis, elucidated the mechanism that determines when and why the laser emission band appears at one

of the two bands, or concomitantly at both bands. Finally, Chla was exploited as the donor in fluorescence

resonance energy transfer to extend the laser emission to the near infrared regime with an unprecedented

wavelength shift as large as 380 nm. Our work will open a door to the development of novel biocompati-

ble and biodegradable chlorophyll-based lasers for various applications such as miniaturized tunable co-

herent light sources and in vitro/in vivo biosensing. It will also provide important insight into the chlorophyll

fluorescence and photosynthesis processes inside plants.

Introduction

Optofluidic lasers have recently emerged as a new technology
to integrate microfluidics, optical microcavities, and gain me-
dia in liquid environments.1–9 The broad applications of
optofluidic lasers include wavelength-tunable coherent light
sources on a chip10–13 and highly sensitive in vitro/in vivo bio-
chemical analysis using the intra-cavity detection
method.1,14–21 To date, many gain media have been employed
in optofluidic lasers, such as organic dyes,22,23 water-soluble
quantum dots,24–26 biomaterials (fluorescent proteins,27,28 vi-
tamins,29 luciferins,30 etc.), and products of enzyme–substrate
reactions).31

Chlorophylls (Fig. 1a) are one of the most abundant and
common pigments on earth.32 They are not only essential for
photosynthesis and genetic engineering, but also particularly
important for regulating metabolic functions in living organ-
isms.33,34 Chlorophyll fluorescence has been extensively stud-
ied for fundamental understanding of energy transfer mecha-
nisms inside chloroplasts.35,36 Two bands of emission
corresponding to the (0,0) and (0,1) vibronic regions of the S1
→ S0 transition are usually observed37,38 (see also Fig. 1b and
S1†). The quantum yield of most chlorophylls is approxi-

mately 30%,39,40 similar to that of other organic dyes such as
Cy5, Cy5.5, and Alexa Fluor 647. The strong fluorescence ca-
pability of chlorophylls suggests that they can possibly be
used as laser gain media. In turn, the stimulated emission of
chlorophylls provides insight into the energy transfer pro-
cesses during photosynthesis. It can also be used to better
understand the S1 electronic states and interpret fluorescence
results (such as intensity-dependent fluorescence lifetime
and quantum yield).41

In comparison with many other laser gain media, chloro-
phylls are biocompatible and biodegradable, making them
very attractive for in vitro and in vivo sensing applications.
Meanwhile, the unique dual-absorption bands in the visible
spectrum (Fig. 1b) with extremely high extinction coefficients
(∼105 M−1 cm−1 at 430 nm) render chlorophylls excellent light
harvesting capability to achieve lower lasing thresholds. This
characteristic, together with the large wavelength shift be-
tween absorption and emission, suggests that chlorophylls
can serve as excellent donors in a fluorescence resonance en-
ergy transfer (FRET) laser, which allows implementation of a
laser in the red or near infrared (NIR) spectrum with blue or
ultra-violet (UV) excitation.

Lasing of chlorophylls was briefly studied nearly 40
years ago using a low-quality optical cavity based on a 1 cm
long cuvette,41 whose Q-factor (Q) and finesse (F) were only
1.3 × 105 and 6, respectively. However, while laser emission
at the 680 nm band was observed, which corresponds to the
(0,1) vibronic region, no laser emission was found around
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730 nm and the mechanism behind the missing 730 nm
band was not fully understood. Here, we investigated an
optofluidic laser both experimentally and theoretically using
chlorophyll a (Chla) as the gain medium and a thin-walled
glass capillary-based optofluidic ring resonator (OFRR,
Fig. 1c) as the laser microcavity. The objectives of this work
were two-fold. First, we aimed to develop novel chlorophyll-
based optofluidic lasers using chlorophyll as the outstanding
gain medium and the donor. Second, we took advantage of
the extremely high Q-factor (>107) and finesse (F ∼ 104) of
the OFRR to study their unique characteristics and reveal the
unresolved underlying mechanism of chlorophyll lasers.

Due to the high Q-factor, a new laser emission band
around 730 nm with a lasing threshold as low as 8 μJ mm−2

was achieved for 0.1 mM Chla. The second laser emission
band around 680 nm was realized with much higher excita-
tion. In addition, competition between lasing at the 680 nm
and 730 nm bands was observed. It was found that lasing at
the 680 nm band can quench or significantly reduce laser
emission at the 730 nm band, effectively increasing the lasing
threshold for the 730 nm band. Further concentration-
dependent studies, along with detailed theoretical analysis,
elucidated the mechanism that determines when and why
the laser emission band appears at 680 nm or 730 nm, or
concomitantly at both wavelengths. Finally, Chla was
exploited as the donor in FRET to extend the optofluidic laser
emission to the near infrared regime with an unprecedented
wavelength shift as large as 380 nm and a lasing threshold
lower than 0.5 μJ mm−2. Our work will open a door to the de-

velopment of novel biocompatible and biodegradable
chlorophyll-based lasers for various applications such as on-
chip tunable coherent light sources and in vitro/in vivo bio-
sensing. It will also provide important insight into the chloro-
phyll fluorescence and photosynthesis processes inside
plants and help resolve critical issues in plant biology.

Experimental

The experimental setup of the chlorophyll laser based on the
OFRR is illustrated in Fig. 1c (see details in Fig. S2†). Here,
Chla was chosen as the gain medium due to its primary role
in photosynthesis. Chlorophyll a was purchased from Sigma-
Aldrich (Product #C5753). It is known that Chla can be
dissolved in organic solvents, such as ethanol and acetone,
but not in water.41,42 Therefore in our experiments, we chose
ethanol as the solvent. Both AF680 and AF700 dyes were pur-
chased from Thermo-Fisher (Product #A37574 & Product #A-
20110). Each dye (powder) was first dissolved in ethanol
(99.9%, Sigma-Aldrich) to form a 10 mM solution, and then
diluted with ethanol to lower concentrations. For FRET lasing
experiments, the compound solutions were prepared by
mixing 10 mM Chla with 10 mM AF680 solutions (and 10
mM AF700 solutions) to achieve the desired Chla–AF680 and
Chla–AF680–AF700 concentrations.

In our experiments, Chla dissolved in ethanol was flowed
through the OFRR. The whispering gallery modes (WGMs)
circulate along the circumference of the OFRR circular cross-
section (Fig. 1c, right). The evanescent field of the WGM in

Fig. 1 (a) Molecular structure of chlorophyll a (Chla) extracted from spinach leaves. (b) Normalized absorption and emission spectra of Chla in
ethanol. (c) Schematic diagram of the chlorophyll laser using a high Q-factor optofluidic ring resonator (OFRR). Green particles represent the
chlorophyll molecules dissolved in ethanol. The laser was excited by a pulsed optical parametric oscillator (OPO) (pulse width = 5 ns; wavelength
= 430 nm). The diagram on the right side shows the profile of the OFRR and the whispering gallery mode (WGM) circulating along the OFRR cir-
cumference. D = 80 μm; d = 2 μm.
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the OFRR core interacts with the gain medium (Chla) and
provides the optical feedback for lasing.43 Fabrication of the
OFRR has been well documented elsewhere.43–45 Briefly, a
fused silica capillary preform (Polymicro Technologies
TSP700850) was first etched with diluted hydrofluoric acid
and then rapidly stretched under CO2 laser irradiation. The
resulting OFRR capillary was slightly bulged with a diameter
of 80 μm at the center and of a few microns smaller at the
two necking points approximately 1 mm apart. The wall
thickness of the OFRR was approximately 2–4 μm and the
Q-factor was approximately 107.43,46 A typical confocal setup
was used to excite the sample and collect emission light from
the OFRR (Fig. S2†). The pump intensity was adjusted by
using a continuously variable neutral density filter. The emis-
sion light was collected through the same lens and sent to a
spectrometer (Horiba iHR550) for analysis.

Results and discussion

Fig. 2a demonstrates the lasing emission spectra of Chla at a
concentration of 0.1 mM under low pump energy densities.
Initially, a number of periodic lasing peaks emerge around
730 nm. The multiple lasing peaks are the result of the
multi-mode nature of the WGMs. With increased pump en-
ergy density, these lasing peaks grow accordingly, but remain
within the same spectral region around 730 nm. Fig. 2b plots

the total laser emission in the 730 nm band as a function of
pump energy density, from which the lasing threshold is de-
rived to be approximately 8.2 μJ mm−2. Such a low lasing
threshold at a low Chla concentration results from the ex-
tremely high Q-factor of the OFRR (>107).43,46,47 Lasing emis-
sion gradually levels off as the pump intensity is beyond 110
μJ mm−2. During experiments, the Chla laser at the 730 nm
band exhibits high photostability when the pump energy den-
sity is below 100 μJ mm−2, suggesting practical use of the
Chla laser. However, as the pump energy density reaches 250
μJ mm−2, the lasing emission at the 730 nm band suddenly
vanishes and meanwhile the lasing emission at shorter wave-
lengths starts to emerge around 680 nm. This extraordinary
phenomenon can clearly be seen in Fig. 2c that plots the
Chla lasing emission spectra under various high pump en-
ergy densities. Similar to the lasing profile at the 730 nm
band, periodic lasing peaks grow but remain consistently
within the same spectral region around 680 nm with in-
creased pump energy density. Interestingly, at very high
pump energy densities, the lasing peaks at the 730 nm band
start to re-emerge and compete with those at the 680 nm
band. No other lasing emission bands are observed between
the two competing bands. In order to better illustrate the
competition between the two lasing bands, Fig. 2d shows the
lasing profile recorded over a time interval of 15 seconds.
Due to conservation of Chla in the excited states, competition

Fig. 2 (a) Lasing spectra of 0.1 mM Chla in ethanol with relatively low pump energy densities. Curves are vertically shifted for clarity. (b) Spectrally
integrated laser output as a function of pump energy density extracted from the spectra in (a). The solid line is the linear fit above the lasing
threshold, showing a laser threshold of ∼8.2 μJ mm−2. Spectral integration takes place between 728 and 738 nm. (c) Lasing spectra of 0.1 mM Chla
in ethanol with relatively high pump energy densities. Curves are vertically shifted for clarity. (d) Competition emission between the two laser
bands under a constant pump energy density of 326 μJ mm−2. Different colors represent the measured lasing spectra at different times (seconds).
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in emission between the two laser bands can be clearly ob-
served under a constant pump energy density. According to
our experiments, the corresponding lasing threshold is ap-
proximately 230 μJ mm−2 for the laser emission at the 680
nm band.

The above results reveal important characteristics of chloro-
phyll lasers. First, there exist two separate lasing bands at 680
nm and 730 nm in Chla lasers, which correspond to the (0,0)
and (0,1) vibronic regions in the S1 → S0 transition (Fig. S1†).
Second, lasing emission emerges at the 730 nm band first.
With increased pump energy density, lasing emission at the
680 band becomes dominant with concomitant significant re-
duction in lasing emission at the 730 nm band. Third, at very
high pump energy densities, lasing emission at the 730 nm
band re-emerges and competes with that at the 680 nm band.
The above phenomenon is in sharp contrast to the previous ob-
servation four decades ago.41 In that study, while the 680
nm lasing band was observed, stimulated emission at the 730
nm band was never achieved, even at high chlorophyll concen-
tration (2 mM). Although not completely understood, the dis-
appearance of the 730 nm band was attributed to the forma-
tion of non-fluorescent Chla dimers at high concentrations.
However, as shown in Fig. S3,† the 730 nm lasing band can
still be observed even with 5 mM Chla in our experiment.

To resolve the contradictory experimental observations
and elucidate the underlying lasing mechanisms of Chla la-
sers, we carried out the following theoretical analysis. At the
lasing threshold, we have48

(1)

where nT is the total concentration of Chla and n1 is the con-
centration of Chla in the excited state (S1). σe(λL) and σa(λL)
are the Chla emission and absorption cross-sections at the
lasing wavelength (λL), η is the fraction of the light in the eva-
nescent field of the OFRR, Q0 is the OFRR empty-cavity
Q-factor, and m is the effective refractive index of the WGM
(m ∼ 1.4 for the OFRR). By rewriting eqn (1), we obtain the
fractional Chla at the excited state, γth:

(2)

Fig. 3 plots γth values for various representative concentra-
tions of Chla based on eqn (2), in which the absorption and
emission cross-sections are measured in Section III (Fig. S4)
of the ESI,† under the assumption of a high Q-factor (ηQ0 = 1
× 106).46 At relatively high Chla concentrations (Fig. 3a), two
γth minima around 680 nm and 730 nm are found, but γth at
the 730 nm band is much lower than that at the 680 nm
band, indicating that the laser emission emerges around 730
nm first. Below, we use 0.1 mM Chla in Fig. 3a as an example
to elucidate the Chla lasing mechanism. When the excitation
is low (Curve 1 in Fig. 3a), no laser emission can be observed.

With increased excitation (Curve 2), the 730 nm band is
the first to reach the lasing threshold, and consequently,
lasing emission emerges at this band. When the excitation
continues to increase (Curve 3), the 680 nm band reaches
the lasing threshold and starts to lase. Since the number of
the excited states is fixed at a given pump energy den-
sity, lasing action at the 680 nm band results in quenching
or significant reduction in lasing emission at 730 nm, ef-
fectively increasing the lasing threshold for the 730 nm
band. Finally, at very high pump energy density, the laser
emission at the 680 nm band continues to grow and mean-
while the 730 nm band laser emission re-emerges and com-
petes with the 680 nm band. The above simulation agrees
well with the experimental observations in Fig. 2a and c. It
is interesting to note that laser emission at the 680 nm
band can easily overtake that at 730 nm, despite the fact
that γth is lower at 730 nm than that at 680 nm. This un-
conventional phenomenon is due to the fact that the (0,1)
vibronic band at 680 nm in Chla is populated first before
further relaxation down to the (0,0) vibronic band at 730
nm. Once the lasing threshold at the 680 nm band is
reached, very rapid population depletion occurs due to
stimulated emission between S1 and S0, thus making it
much more difficult for the 730 nm band to achieve popu-
lation inversion.

To further understand the lasing mechanism in Chla, in
Fig. 3b, we plot γth for two very low Chla concentrations. Both

Fig. 3 (a and b) Fraction of Chla molecules in the excited states
needed at the laser threshold for various representative Chla
concentrations based on eqn (2) with η = 0.1 and Q0 = 107. Curves 1–6
correspond to various excitation levels of Chla molecules. Curve 1: At
a very low pump energy density, the Chla excitation is quite low. No
laser emission is expected to emerge for 0.1 mM Chla. Curve 2: At an
intermediate pump energy density, the lasing emission at the 730 nm
band emerges for 0.1 mM Chla. Curve 3: At a relatively high pump
energy density, both 680 nm and 730 nm bands emerge and compete
with each other. Curve 4: At a low pump energy density, the Chla
excitation is low. No laser emission is expected to emerge for either
0.03 mM or 0.01 mM Chla. Curve 5: At an intermediate pump energy
density, two lasing bands are expected to appear around 680 nm and
730 nm for 0.03 mM Chla, and only one lasing band is expected to
appear around 680 nm. Curve 6: With further increased pump energy
density, the lasing emission increases in comparison with the case of
Curve 5, but no laser emission is expected to appear at the 730 nm
band for 0.01 mM Chla due to the requirement of extremely high Chla
excitation.
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curves show two minima at 680 nm and 730 nm. In contrast
to Fig. 3a, γth is lower at 680 nm than that at 730 nm, indicat-
ing that laser emission should occur around 680 nm first
and play a dominant role in the overall lasing action. At low
excitation (Curve 4 in Fig. 3b), no lasing emission is expected
for either 0.03 mM or 0.01 mM Chla. With increased excita-
tion, 0.03 mM Chla should start to lase at the 680 nm band.
When the excitation continues to increase (Curve 5), laser
emission should be observed at both the 680 nm and 730 nm
bands for 0.03 mM Chla, whereas only laser emission at the
680 nm band can be observed for 0.01 mM Chla. Finally, at
very high excitation (Curve 6), laser emission from 0.03 mM
Chla continues to increase at both the 680 nm and 730 nm
bands, whereas only laser emission at the 680 nm band can
be observed for 0.01 mM Chla.

To validate the above theoretical analysis and simulation
results at low Chla concentrations, the measured lasing spec-
tra of 0.01 mM and 0.03 mM Chla under different pump en-
ergy densities are exemplified in Fig. 4a and b, respectively.
We chose three pump energy densities (65 μJ mm−2, 250 μJ
mm−2, and 580 μJ mm−2) to represent the low, intermediate,
and high Chla excitation described by Curves 4–6 in Fig. 3b.
Note that Curves 4–6 plotted in Fig. 3b are only representa-
tives of different excitation levels and not equivalent to the
exact excitation shown in Fig. 4. Initially, no lasing emission
is observed for either 0.01 mM or 0.03 mM Chla, as shown at
65 μJ mm−2 in Fig. 4a and b. When the pump energy density
reaches 250 μJ mm−2, two lasing bands emerge for 0.03 mM
Chla; however, only one lasing band around 680 nm appears
for 0.01 mM Chla. At 580 μJ mm−2, laser emission around
680 nm and 730 nm continues to grow for 0.03 mM Chla. In
contrast, for 0.01 mM Chla despite an intensity increase in
the 680 nm band, no laser emission is observed at 730 nm,
as it requires much higher pump energy density. The experi-
mental observation in Fig. 4 perfectly matches the phenom-
ena described by Curves 4–6 in Fig. 3b.

Based on the above theoretical analysis and experimental
observation, it becomes clear that there exist two lasing
bands around 680 nm and 730 nm for Chla. Depending on
the Q-factor and the Chla concentration, either the 680 nm
or 730 nm band can start to lase first. In addition, there ex-
ists competition between the lasing at the 680 nm band and
730 nm band. Lasing at the 680 nm band can quench or sig-
nificantly reduce laser emission at the 730 nm band, effec-
tively raising the lasing threshold for the 730 nm band. The
reason that the 680 nm band overtakes the 730 nm band is
due to the fact that the 680 nm band is populated first dur-
ing the relaxation process in chlorophylls upon photo-excita-
tion. The capability to control which band to lase first and
observation of the competition between the two bands will
have significant impact on optofluidic laser development and
provide vital information to better understand the fluores-
cence and photosynthesis processes in plants.

Previous work showed lasing emission around 680 nm,
but failed to achieve lasing emission at the 730 nm band.
This was actually due to the low Q-factor cavity (1 cm long cu-
vette) and the competition between the 680 nm and 730 nm
bands. Fig. S5† plots γth for the Chla concentration ranging
from 0.1 mM to 2 mM with a low Q-factor. It can be seen eas-
ily that the 680 nm band dominates for all concentrations of
interest, in particular, at relatively low concentrations (0.1–
0.5 mM). At a high concentration of 2 mM, γth at the 730 nm
band is close to that at the 680 nm band and lasing at 730
nm is seemingly possible. However, due to the competition
of the 680 nm band lasing, the lasing threshold for the 730
nm band is actually much higher than theoretically predicted
at all concentrations. Furthermore, the penetration depth
was only about 200 μm at the excitation wavelength of 337.1
nm for 2 mM Chla,41 which made the 730 nm lasing emis-
sion even more difficult to realize for Chla solution in a 1 cm
long cuvette. Previous studies attributed the disappearance of
the 730 nm band lasing to the formation of non-fluorescent

Fig. 4 Lasing spectra for 0.01 mM (a) and 0.03 mM (b) Chla under pump energy densities of 65 μJ mm−2, 250 μJ mm−2, and 580 μJ mm−2. The
three chosen pump energy densities correspond to the low, intermediate, and high Chla excitation described by Curves 4–6 in Fig. 3.
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Chla dimers at 2 mM, which we believe does not reflect the
actual underlying mechanism. As a control experiment, las-
ing at the 730 nm band from 5 mM Chla can easily be
achieved in Fig. S3† with relatively low pump energy density
using our high Q-factor OFRR (over two orders of magnitude
lower than the maximal pump energy density used in ref. 41).

In order to further explore the unique properties of chloro-
phylls such as high absorption at blue and UV spectra and
large wavelength shift between absorption and emission, we
developed and studied an optofluidic chlorophyll FRET laser
using chlorophyll and a dye as the donor and acceptor, re-
spectively. In our experiments, Chla and Alexa Fluor 680 dye
(AF680) were chosen to be the FRET pair (see Fig. S6† for
spectral overlap between Chla and AF680). Curve 1 in Fig. 5a
shows FRET lasing emission around 780 nm under a very low
pump energy density of 1.1 μJ mm−2 at 430 nm. Meanwhile,
only featureless emission spectra are observed for Chla and
AF680, as exemplified in Curve 2 and Curve 3, respectively. In
fact, the detailed control experiment performed in Fig. S7†
shows that AF680 alone has a lasing threshold of 31 μJ
mm−2. Therefore, the lasing emission at 780 nm at 1.1 μJ
mm−2 is from AF680 under FRET excitation, which extends
the lasing emission to the NIR regime. We further investi-
gated the FRET laser emission spectra at different pump en-

ergy densities, as shown in Fig. 5b. A significant blue shift of
the FRET lasing peaks is observed as the pump intensity in-
creases, which is typical for dye lasers.46 Note that at 38 μJ
mm−2, AF680 alone can lase through direct excitation at 430
nm (see Fig. S7†). However, such laser emission (around 780
nm based on Fig. S7a†) can be easily distinguished from that
via FRET (around 750 nm according to Fig. 5b). The spec-
trally integrated FRET emission versus pump energy density
for Chla–AF680 is plotted in Fig. 5c, in which the lasing
threshold is derived to be as low as 0.7 μJ mm−2 from the in-
set in Fig. 5c, which is 40 times lower than that of AF680 al-
one (Fig. S7b†).

In order to extend the laser emission further to the NIR re-
gime, a third dye (Alexa Fluor 700 – AF700) was used in con-
junction with Chla and AF680 (see Fig. S6† for the spectral
overlap among Chla, AF680, and AF700) to form a cascade
FRET laser, in which the pump energy is first absorbed by
Chla, subsequently transferred to AF680, and finally to
AF700. Curve 1 in Fig. 5d shows the cascade FRET laser emis-
sion from AF700 at a pump energy density of 0.8 μJ mm−2.
Multiple lasing peaks around 810 nm, which represent a
spectral shift over 380 nm, are obtained. Further pump en-
ergy density-dependent experiment in Fig. S8a† shows that
the lasing threshold is approximately 0.5 μJ mm−2. To

Fig. 5 (a) Comparison of the lasing spectra of a mixture of Chla–AF680 in ethanol (Curve 1), Chla alone in ethanol (Curve 2), and Alexa Fluor 680
(AF680) alone in ethanol (Curve 3) under the same pump energy density of 1.1 μJ mm−2. (b) Lasing spectra of AF680 in ethanol via energy transfer
from Chla under various pump energy densities. In (a) and (b), [Chla] = 5 mM and [AF680] = 5 mM for all curves. Excitation wavelength = 430 nm.
Curves are vertically shifted for clarity. (c) Spectrally integrated (745–790 nm) FRET laser output as a function of pump energy density extracted
from (b). The inset presents the enlarged portion for the pump energy density below 3.0 μJ mm−2. Solid lines are the linear fit, showing a lasing
threshold of approximately 0.7 μJ mm−2. (d) Emission spectra of a mixture of Chla–AF680–AF700 (Curve 1), a mixture of Chla–AF700 (Curve 2), and
Alexa Fluor 700 (AF700) dye alone (Curve 3) under the same pump energy density of 0.8 μJ mm−2. [Chla] = 5 mM, [AF680] = 5 mM, and [AF700] =
5 mM for all curves. Excitation wavelength = 430 nm. Curves are vertically shifted for clarity.
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confirm that the laser emission was indeed from AF700 via
cascade FRET, two control experiments were carried out.
Curve 2 in Fig. 5d shows no laser emission from AF700 in the
absence of AF680 due to insufficient energy transfer between
Chla and AF700 caused by small spectral overlap. Curve 3 fur-
ther shows no laser emission from AF700 alone at 0.8 μJ
mm−2, since its lasing threshold is 1.8 μJ mm−2 (Fig. S8b†),
3.6 times higher than that obtained in Curve 1. Finally, to
further demonstrate the versatility of the cascade FRET laser,
in Fig. S9,† we replaced AF700 with DyLight 700 (Dyl700) and
achieved Dyl700 laser emission around 810 nm.

Conclusions

We have investigated a chlorophyll-based optofluidic laser,
in which two competing lasing bands at 680 nm and 730
nm were observed for the first time. The lasing threshold
for the 730 nm band as low as 8 μJ mm−2 was achieved for
0.1 mM Chla. Furthermore, we found that the lasing emis-
sion at the 680 nm band results in quenching or significant
reduction in the lasing emission at 730 nm, effectively in-
creasing its lasing threshold. The theoretical analysis and
experimental measurement revealed the detailed mechanism
that determines when and why the laser emission band ap-
pears at 680 nm or 730 nm, or concomitantly at both wave-
lengths. In addition, using Chla as the donor, we have
achieved FRET lasing at the NIR regime with a wavelength
shift as large as 380 nm.

We envision that our work will lead to the development of
novel biocompatible optofluidic devices and optofluidic FRET
lasers with low lasing thresholds and large wavelength shifts.
The ability to control the laser emission band will enable us
to engineer and optimize the optofluidic lasers for various
applications. Our work can further be applied to energy
harvesting, solar lighting,49–51 and many other optofluidic ap-
plications.52,53 Our work will also help resolve critical issues
in plant biology, such as the role of stimulated emission in
chlorophyll fluorescence and photosynthesis.
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