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Single-cell biological lasers
Malte C. Gather1,2 and Seok Hyun Yun1,2,3,4 *
Since their invention some 50 years ago1, lasers have made a
tremendous impact on modern science and technology.
Nevertheless, lasing has so far relied on artificial or engineered
optical gain materials, such as doped crystals, semiconductors,
synthetic dyes and purified gases2,3. Here, we show that fluorescent proteins4,5 in cells are a viable gain medium for optical
amplification, and report the first successful realization of
biological cell lasers based on green fluorescent protein
(GFP). We demonstrate in vitro protein lasers using recombinant GFP solutions and introduce a laser based on single live
cells expressing GFP. On optical pumping with nanojoule/nanosecond pulses, individual cells in a high-Q microcavity produce
bright, directional and narrowband laser emission, with characteristic longitudinal and transverse modes. Lasing cells
remained alive even after prolonged lasing action. Light
amplification and lasing from and within biological systems
pave the way to new forms of intracellular sensing, cytometry
and imaging.
Green fluorescent protein (GFP), first purified from the jellyfish
A. victoria6, has become an indispensible tool in biomedical science
as a reporter protein and imaging tracer. GFP can be expressed as a
functional transgene in a wide variety of organisms7 and thus
enables monitoring of gene expression, tracking of GFP-fusion proteins in cells in vitro and visualization of GFP-expressing cells
in vivo in animal models. Directed mutation of GFP and other
fluorescent proteins from different organisms has yielded variants
with improved maturation, brightness and stability8,9, as well as
emission bands across the entire visible spectrum10,11. Because of
the excellent optical properties of these proteins, including transition
cross-sections higher than 2 × 10216 cm2 and near 80% fluorescence
quantum yields12, they are promising gain media for stimulated
emission and biolasing. In fact, some evidence that GFP can
support lasing with two-photon excitation has been reported13.
When pumped at an appropriate wavelength, fluorescent proteins are expected to form a quasi-four-level laser system14.
Following absorption of a pump photon, the protein undergoes a
transition from the ground-state S0 to a higher electronic state S1
(Fig. 1a). Both states are composed of a quasi-continuum of
vibrational sublevels giving rise to broad optical absorption and
emission spectra. The absorption is followed by rapid non-radiative
relaxation to the metastable lowest vibrational state of the S1 manifold, from which stimulated emission to different vibrational states
of S0 can occur. Because the lifetime of S1 is typically a few nanoseconds, population inversion between the lowest vibrational state
of S1 and the vibrational sublevels of S0—a necessary condition
for net gain—can be achieved most conveniently by optical
pumping with nanosecond or shorter pulses.
To characterize GFP as a gain material, we first investigated
aqueous solutions of purified GFP harvested from bacterial
culture (recombinant GFP). We constructed a simple low-loss

optical resonator consisting of two concave mirrors (interspacing,
d ¼ 7 mm; curvatures, 10 mm and 50 mm; see Methods). Both
mirrors had a dichroic coating with high reflectivity (R . 99.5%)
in a wavelength (l ) range between 500 and 560 nm and high transmission at l , 480 nm. To avoid unnecessary reflection losses, the
cavity space between the mirrors was completely filled with an
aqueous 50 mM solution of recombinant eGFP, a widely used
mutant of the wild-type GFP. The solution was pumped longitudinally by focusing the output pulses from an optical parametric oscillator (OPO: l ¼ 465 nm; duration, 5 ns; repetition rate, 10 Hz) into
the cavity (Fig. 1b).
Figure 1c shows the amount of light emitted through the cavity
mirror (output energy) as a function of the pump energy Ep (per
pulse). Above a threshold Ep of 14 nJ, the output energy rose dramatically faster with increasing pump energy than at smaller Ep
and bright green light was emitted that was clearly visible with the
naked eye. The emission spectrum was substantially narrowed
(FWHM, 12 nm) compared to the free-space spontaneous fluorescence spectrum (FHWM, 37 nm) of the eGFP solution (Fig. 1d)
and the subthreshold emission spectrum of the resonator
(Fig. 1e). The presence of a sharp threshold above which the
cavity output rapidly increases and spectral narrowing occurs is
clear evidence of lasing and demonstrates that eGFP can provide significant optical gain. The 12 nm linewidth indicates simultaneous
oscillation of numerous longitudinal modes in the relatively long
cavity. The laser wavelength was independent of the excitation wavelength (Supplementary Fig. S1), which rules out stimulated scattering processes as an alternative explanation for our observations. The
spatial profile of the laser output corresponded to the typical fundamental transverse electromagnetic mode, TEM00 (Fig. 1f(i)).
Following deliberate misalignment of the cavity (by slightly tilting
one mirror), the spatial profile changed to patterns indicating operation at higher-order TEM modes (Fig. 1f(ii–iv)). Even when operated at Ep ¼ 2.5 mJ (that is, "200 times the threshold), no noticeable
sign of reduction in the output energy was observed over the course
of 5,000 pump pulses (500 s).
We observed lasing with eGFP concentrations as small as
2.5 mM. As the concentration was reduced, the lasing wavelength
shifted towards the blue (Fig. 1d). This is expected, as self-absorption from the tail of the eGFP absorption band is less significant
at low concentrations. At concentrations higher than 100 mM, the
threshold pump energy increased with concentration as absorption
by unexcited eGFP began to contribute significantly to the overall
cavity loss (Fig. 1g). Typical GFP concentrations in the cytosol of
biological cells range from micromolar to millimolar15,16.
Therefore, we have reasoned that it should be possible to achieve
lasing with a single GFP-expressing cell if a resonator with sufficiently low loss is used.
To realize a cell laser, we transiently transfected mammalian cells
(293ETN cells17 derived from the human embryonic kidney cell line
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Figure 1 | A protein solution laser. a, Energy diagram of the quasi-four-level laser system eGFP with relevant transitions: absorption, vibrational relaxation,
stimulated emission and vibrational relaxation. b, Schematic of the protein solution laser. Pump light is reflected by a dichroic mirror and focused into the
GFP-filled cavity by a lens that also collects the cavity emission (d ¼ 7 mm). c, Laser output energy as a function of pump energy Ep (symbols). Line is a
linear fit to data above 14 nJ. Error bars represent detector noise and pulse-to-pulse variation. Inset, close-up on data around the lasing threshold Eth.
d, Spontaneous photoluminescence spectrum (PL) and normalized absorption spectrum (Abs) of a 10 mM eGFP solution. Normalized output spectra of the
laser filled with eGFP solutions with concentrations of 2.5, 50 and 250 mM (Ep ¼ 5 × Eth). e, Normalized laser spectra at different pump energies (eGFP
concentration, 5 mM). As the transmission of the cavity mirror is strongly wavelength-dependent, the subthreshold spectrum (black) differs substantially from
the PL spectrum in d. f, Beam profiles of the laser emission in optimal (i) and misaligned conditions (ii–iv), corresponding to the TEM00 , TEM01 , TEM02 and
TEM11 transverse modes. g, Measured lasing threshold for different concentrations of eGFP (symbols). Error bars represent uncertainty in the linear fit to
input-output characteristic (y) and in concentration of the respective solutions (x).
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Figure 2 | Laser formed by a single eukaryotic cell. a, Illustration of the single-cell laser. A live eGFP-expressing 293ETN cell is placed inside a high-Q
resonator consisting of two DBRs (d ¼ 20 mm). b–d, Microscope images of a single 293ETN cell outside the resonator (scale bars, 5 mm): DIC image (b);
confocal fluorescence microscope image showing the eGFP distribution in the cell (c); side-view projection of a z-stack of confocal fluorescence images (d).
e, Laser output energy of a cell laser as a function of the pump energy. Line, linear fit to data above 1 nJ. Error bars represent detector noise and pulse-topulse variation of output (y), and pulse-to-pulse variation of pump (x), respectively. f, Normalized output spectra of the same laser for pump energies of 0.9
and 5 nJ, respectively. The arrow denotes the expected wavelength spacing of consecutive longitudinal modes.

HEK293) with a plasmid encoding for eGFP (see Methods). We
filled a suspension of these GFP-expressing cells into a high-Q
microcavity resonator formed by two highly reflective distributed
Bragg reflectors (DBRs), separated by d ¼ 20 mm (Fig. 2a).

Figure 2b–d shows differential interference contrast (DIC) and confocal fluorescence microscopy images of a typical transfected cell.
As the cell is not attached to a surface, it is rounded and has a spherical shape (diameter, "15 mm). The intensity of green fluorescence
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was relatively uniform throughout the entire cell volume. From the
fluorescence intensity, we estimated the eGFP concentration in the
cytoplasm to be "300 mM. The average refractive index inside the
cell is thought to be slightly larger than that of the surrounding
medium18. The presence of a cell in the otherwise only marginally
stable plane–plane resonator thus adds a refocusing element and
renders the resonator stable.
Individual cells were pumped through a microscope objective
with 465 nm OPO pulses. The emission from the pumped cell
was observed through the same objective in an epi-detection
scheme (see Methods). As in the solution-based laser, the output
of a single optically pumped cell showed a distinct kink as the
pump energy was increased beyond a certain level (Fig. 2e).
Despite any scattering loss induced by refractive index heterogeneity
within the cell, the threshold pump energy (850+200 pJ) was considerably lowered compared to the solution laser and could be easily
reached by a miniature pulsed or continuous-wave pump source.
When pumped at energies just above the lasing threshold, the
output spectrum of the cell laser consisted of a single emission
peak with a narrow linewidth below the resolution of our spectrometer (FWHM , 0.04 nm), suggesting single-mode oscillation
(Fig. 2f, top). As the pump energy was increased, additional emission lines with an irregular spacing appeared (Fig. 2f, bottom).
We confirmed distinct changes in output emission below and
above threshold. The subthreshold spectrum contained numerous
closely spaced weak peaks of similar intensity (Fig. 3a), and the
emission was spatially uniform (Fig. 3b). Above the lasing threshold,
a few of the spectral peaks gained in intensity (Fig. 3c), and the
spatial output showed rich and irregular intensity patterns (Fig. 3d).
To understand these characteristics, we imaged the laser emission onto a modified spectrograph with its entrance slit opened
widely. The diffraction grating dispersed the image in space according to its spectral components, forming a hyperspectral image of the
laser output on the charge-coupled device (CCD) chip of the
attached camera (Fig. 4a). Figure 4b–d compares the original emission pattern to the hyperspectral image for three lasing cells of
different size. The data reveal that the seemingly random spatial patterns result from superpositions of several simultaneously active
transverse laser modes. This is particularly obvious in Fig. 4b,
where the bright spot at 512.98 nm (labelled [0,0]) is identified as
the fundamental TEM mode. The next one (labelled [1,1], shifted
by 0.44 nm) is characteristic of the first-order asymmetric mode
(Fig. 1f(ii)), and even higher-order modes show up at yet shorter
wavelengths. The same series of transverse modes repeats, with a
4.8 nm spacing, in a different longitudinal mode group (labelled
by the mode indices [ p,m]′ ).
As a focusing and waveguiding element in the resonator, the cell
causes an increase in the roundtrip phase shift as the transverse
mode order increases. This accounts for the observed difference in
wavelength between subsequent transverse modes. For a given cell
diameter of "13.8 mm, a cavity length of 20 mm and a refractive
index of the cytoplasm of "1.365, a simple ABCD matrix model19
predicts a transverse-mode spacing of 0.43 nm, in agreement with
the 0.44 nm observed between the first two TEM modes
(Supplementary Information S2). The paraxial approximation
implicit to the ABCD approach is not justified for higher-order
transverse modes, so the actual mode spacing gradually deviates
from the prediction as the mode order increases.
We found that many of the observed transverse mode structures
were neither Laguerre- nor Hermite-Gaussian, but resemble the less
well-known Ince-Gaussian modes20 (Fig. 4e–g). These modes have
inherent elliptical symmetry and form the mathematically exact
transition between Laguerre- and Hermite-Gaussian modes. The
exact patterns and eccentricity of the modes result from the specific
cell shape and the gain and refractive index profiles within the cell.
We also observed that the number of concurrently lasing transverse
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Figure 3 | Comparison of emission from the single-cell laser below and
above the lasing threshold. a, Emission spectrum for the resonator pumped
below the lasing threshold; the spectrum is integrated over 100 excitation
pulses. Peaks located under a common horizontal black line belong to the
same longitudinal mode and differ only in transverse mode order. b, Typical
spatial patterns of the cell laser output below the lasing threshold
(Ep ¼ 0.4 nJ). c, Emission pumped 3× above lasing threshold. The spectrum
is plotted on a log scale to emphasize the contrast between the laser lines
and the fluorescent background. d, Spatial patterns of the cell laser output
above threshold (Ep ¼ 2 nJ) superimposed on a DIC image of the cell
(black&white channel). Scale bars in b and d are 5 mm.

and longitudinal modes and their relative brightness depend on
many factors, including pump energy, intracellular eGFP concentration and cell size. For each cell, the mode pattern was largely
unchanged between consecutive pulses (Supplementary Fig. S3).
Even at high pump energies (50 nJ/pulse, that is 50× above
threshold), cells emit hundreds of laser pulses before bleaching,
and we found no indication that cell viability is affected by lasing
(see Methods). Cell lasing is not restricted to 293ETN cells. GFPexpressing 3T3 mouse fibroblasts also readily generated laser light.
In contrast to all previous laser materials, fluorescent proteins are
biologically producible, biocompatible and bioabsorbable. They are
therefore uniquely suited to generating stimulated emission and
laser light from and within living organisms. The transverse mode
structure is expected to be highly sensitive to the refractive index distribution in the cell and may therefore be used for three-dimensional intracellular probing21,22. When single-cell lasing is adapted
for flow cytometry or microfluidics, the directional, bright and
nanosecond pulsed emission can increase the throughput and
speed of analysis, and the inherently narrowband laser emission
may enable dense wavelength multiplexing. Stimulated emission is
an emerging scheme to improve the resolution and sensitivity of
microscopic imaging in biomedical science23–26. Using micro- and
nanoscale resonators27,28, it might be possible to achieve intracellular
lasing without external resonators, which will enable novel nonlinear imaging schemes and allow controlled activation of photochemical therapeutic agents. Finally, the observation of lasing from
single cells proves that the inherent scattering and absorption loss
of biological samples can be fully compensated by stimulated emission. We expect that in vivo optical amplification will emerge as a
general scheme to overcome the limited penetration of light in biological tissue, a factor previously considered as a fundamental limitation of optical microscopy modalities.
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Figure 4 | Combined spatial and spectral analysis of single output pulses of different cell lasers. a, Schematic of the hyperspectral imaging setup.
b–d, Single-shot analysis of the laser output. Far-field emission patterns (left part of each figure) and hyperspectral images (right part) of the concurrently
lasing modes for three different 293ETN cells with diameters of 13.8 mm (b), 15 mm (c) and 17.5 mm (d). In b, the numbers denote the Ince-Gaussian mode
indices [p,m]. Cells were pumped 10× above threshold. e–g, Typical measured transverse mode patterns (left part of each figure) and corresponding
modelled Ince-Gaussian modes (right part, ellipticity parameter 1 ¼ 2). e corresponds to the cell shown in b. f and g are different cells.

Methods
Solution-based lasers. The laser cavity was formed by two highly reflective laser
mirrors (Y2 coating, CVI). The optical axis of the cavity was normal to the surface of
the optical table. A recombinant eGFP solution (400 ml) of defined concentration
was deposited on the reflective surface of the lower of the two mirrors (radius of
curvature, r1 ¼ 10 mm) and the mirrors were caused to approach towards one
another until the solution was in contact with the upper mirror (r2 ¼ 50 mm). The
mirrors were then slowly separated to a distance of 7 mm. The eGFP solution
maintained contact with the hydrophilic surface of both mirrors, eliminating any
surface reflection loss inside the cavity.
The energy of the pulses emitted by the OPO (Quanta Ray MOPO-700, Spectra
Physics; pulse duration, "5 ns, tuned to 465 nm) was adjusted with neutral density
filters and monitored with an energy meter. The pulses were reflected into the laser
cavity described above by a dichroic mirror (500 nm, long-pass) and focused with a
30 mm lens. The pulse energies quoted in this paper represent the energy of single
pulses behind the focusing lens. The focus of the beam was located close to the
surface of the upper mirror to best match the profile of the excitation beam with the
profile of the fundamental cavity mode across the cavity. The emission from the
cavity was collected through the same 30 mm lens, separated from back-reflected
excitation light by the dichroic mirror and split with a 50/50 beamsplitter. One part
of the signal was then imaged by a camera; the other part was fibre-coupled to a
300 mm spectrograph connected to a cooled CCD camera (Andor). See Fig. 1b for a
schematic illustration of the setup.
Single-cell lasers. 293ETN cells were grown in complete growth medium under
standard incubation conditions (37 8C, 5% CO2) until about 50% confluent. Cells
were transfected with a peak15 plasmid encoding for eGFP under control of the
Chicken Beta actin promoter with a CMV enhancer using GeneJuice (Novagen) as
transfection reagent. The cells were harvested with trypsin at 72 h post-transfection
and selected for green fluorescence using standard fluorescence assisted cell sorting
(FACS ARIA III, BD). Cells were washed and resuspended in fresh culture medium
to a density of "500,000 cells ml21.
The laser resonator was formed by gluing together two quartz substrates coated
with highly reflective DBRs, with glass spacer beads of calibrated diameter as spacers.
When a droplet of the cell suspension ("10 ml) was placed onto the edge of the
mirror pair, the capillary force rapidly pulled the cells into the resonator. The
concentration of the cell suspension was such that the cells did not coagulate and on
average were spaced by at least 100 mm when inside the resonator. The cells were
kept in their usual culture medium for the entire experiment to ensure optimum
cell viability.

The cells were optically pumped using a similar setup as described above, but the
30 mm lens was replaced by a 40× objective so that cells could be imaged. The
resonator was mounted on an xyz-micropositioning stage to position individual cells
in the centre of the pump beam. The pump beam was made slightly divergent before
it entered the objective by inserting an additional lens into the optical path. This
arrangement shifted the beam focus away from the imaging plane of the objective
lens and ensured that the entire cell volume was homogeneously excited by the
pump laser.
To record hyperspectral images, the fibre coupling to the spectrograph was
removed and the output of the cell laser was imaged directly onto the entrance slit of
the spectrograph. In this way the spatial pattern associated with each emission line was
projected onto a different location on the CCD chip of the camera attached to the
spectrograph. The entrance slit was opened wide enough to collect the entire laser
output pattern. The spectrograph was equipped with a holographic 2,400 lines mm21
grating to achieve maximum dispersion of the signal. The hyperspectral images
shown in this paper were obtained with single output pulses of the cell laser.
To check if the lasing process harmed the cells, we supplemented the cell
dispersion with ethidium homodimer-1 (EthD-1). EthD-1 is normally excluded
from the inside of live cells but readily passes through the membrane of dead cells.
On binding to intracellular nucleic acids, the normally weakly fluorescent material
generates bright red fluorescence. In our experiment, the lasing process did not result
in a measurable increase of red fluorescence from the corresponding cells, even after
prolonged exposure to high pump energies (1,000 pulses, 50 nJ/pulse, that is,
50× above threshold). When the pump energy was increased even further (beyond
1 mJ/pulse) the cells were physically damaged and the characteristic EthD-1
fluorescence was observed.
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interview

Cellular lasers
O How did this idea start?
Certain organisms in nature — mostly
marine species — can synthesize
fluorescent proteins. One example is the
jelly fish Aequorea victoria, which produces
green fluorescent protein (GFP) and uses it
to generate bright green bioluminescence.
Biologists have shown that GFP can be
a very interesting tool for cell biology
because it allows you to clearly see where
and when the protein is formed inside a
cell. Almost any organism from bacteria to
higher mammalians can be programmed
to synthesize such luminescent proteins,
so we wondered if GFP could be used to
amplify light and build biological lasers. If
we could do that, we knew it might even
be possible to generate laser light from a
single cell.
O How did you make your single-cell laser?
We started by genetically programming
cells to produce GFP. We placed these
GFP-expressing cells into a microcavity,
which in our case was formed by two
parallel dielectric mirrors spaced 20 μm
apart — only one cell can fit in this width.
We then used a customized microscope to
homogeneously expose an individual cell to
short (~5 ns) pulses of blue light. Normally
the cell would just fluoresce, but in this
case cavity feedback caused the stimulated
emission of green light. The energy levels
of GFP form a quasi-four-level laser system
that is similar to the four-level systems
described in laser physics textbooks.
We observed clear threshold behaviour
in the output intensity and shape of the
emission spectrum. A unique characteristic
of this laser is that the gain medium is
comprised solely of biological materials.
The fluorescent proteins are produced and
reabsorbed by the cell in a very dynamic
process. This means that the laser can selfheal; if we photobleach or damage some of
the emitters, the cell can make new ones.
O Are the cells damaged by the lasing?
The lasing threshold is very low — around
1 nJ per pulse. You would have to pump
the cells far above this threshold to induce
any thermal damage. Of course we were
able to kill the cell, but this required a
438

GIULIANO SCARCELLI

Researchers have now shown that lasers — usually thought of as being inanimate optoelectronic
instruments — can also be made from certain biological gain media. Nature Photonics spoke to
Malte C. Gather and Seok Hyun Yun about their realization of a living single-cell laser.

Malte C. Gather (left) and Seok Hyun Yun (right) have developed the first single-cell biological laser.

pump power that was orders of magnitude
higher than the normal operating range.
We also saw some dynamic changes related
to photobleaching as the pump power was
varied. However, the cells were alive before
and after laser operation, which suggests
that they can function normally for a long
period afterwards.
O What were the main challenges?
Both of us have physics backgrounds, but
making the single-cell laser required an
interdisciplinary approach combining
biology and photonics — bringing these
aspects together was a challenge. Also, we
realized early on that we would need a lot
of fluorescent protein for trial experiments.
Fortunately, we were able to obtain purified
proteins produced by Escherichia coli
bacteria in large quantities. Another
challenge was that we were limited by the
pump sources available to us. Initially we
employed a green 532 nm Q-switched laser
that forced us to use different proteins such
as red fluorescent protein, which was quite
expensive to purchase in large quantities.
But then we found an old tunable optical
parametric oscillator system in a storage
room that allowed us to generate blue
pump light and switch to using GFP. Now
that we understand the system more, we
can work with tiny quantities of GFP-

!

!

producing cells and, in principle, could use
a compact diode-pumped solid-state laser.
O What does the future hold for
this technique?
We are currently working on several
projects, including the realization of standalone cellular lasers by integrating the
cavity with the cell using nanostructures.
We also have a prototype of the cellular
laser in a microfluidic platform. In terms
of applications, laser sources at the cellular
level may be useful for biological imaging;
compared with regular fluorescence, the
emission from a cellular laser is intense,
directional, narrowband and has characteristic temporal and spectral modes.
We can think about new applications
by harnessing these properties. For
example, in cellular sensing we may be
able to detect intracellular processes with
unprecedented sensitivity. For light-based
therapeutics, diagnosis and imaging, people
think about how to deliver emission from an
external laser source deep into tissue. Now
we can approach this problem in another
way: by amplifying light in the tissue in situ.

INTERVIEW BY DAVID PILE
Malte C. Gather and Seok Hyun Yun have a
letter on single-cell biological lasers on page
406 of this issue.
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