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Biological Lasers
Malte C. Gather and Seok Hyun Yun

The invention of the laser was among 
the most signifi cant developments 

in the fi eld of optics during the 20th cen-
tury. Lasers have enabled radically new 
technologies in medicine, communica-
tions, material processing and many 
other fi elds. � ey have also brought 
about paradigm shifts in the way we 
study fundamental processes in nature; 
examples include ultrafast processes on 
molecular and atomic scales or measur-
ing space distortions due to gravita-
tional waves. 

� e 21st century is often proclaimed 
as the century of the life sciences, and 
lasers have been used extensively to elu-
cidate biological mechanisms—often at 
subcellular length scales. However, the 
generation of laser light remained within 
the realm of inanimate materials; the 
optical gain materials in today’s com-
mercial lasers are usually semiconductors 
or other crystals. 

In 2011 we reported taking steps 
towards creating fully biological laser 
systems.1, 2 As the optical gain material 
of these lasers, we have chosen a biolog-
ically produced and highly fl uorescent 
material: the green fl uorescent protein 
(GFP). Fluorescent proteins are naturally 
found in a number of marine species, 
including certain jelly fi sh and corals.3 
Biologists have learned to extract the 
DNA for fl uorescent proteins and insert 
it into diff erent hosts. Today, virtually 
any organism can be programmed to 
produce GFP.4 Further work has yielded 
variants of GFP with improved fl uo-
rescence or with emission across a wide 
range of wavelengths.5

We fi rst investigated the lasing 
characteristics of purifi ed GFP extract 
solutions and found that lasing can be 
achieved in a physiological concentra-
tion range when optically pumped by 
ns-pulses of blue light. Subsequently, 
we succeeded in using single mamma-
lian cells that were genetically pro-
grammed to produce GFP as the optical 
gain medium of a microscale laser.1 In 

these lasers, the cell not only acts as the 
optical gain medium, but also helps 
to refocus the light circulating in the 
microcavity surrounding the biological 
cell. One interesting implication of this 
is that the cell imposes a unique trans-
verse mode pattern on the laser output. 
More recently, we have also studied 
colonies of E. coli bacteria expressing 
GFP as potential laser gain media and 

Microscopic image of a biological laser in action. A single biological cell (shown in black and 
white) is genetically programmed to produce a light emitting molecule, the so-called green 
� uorescent protein. When placed inside an optical resonator, this cell can generate green 
laser light. Due to the irregular internal structure of the cell, the laser spot has a complex 
transverse mode pattern.

found that they can also readily gener-
ate laser light.2

In these biological lasers, optical gain 
is provided by a biologically produced 
and biocompatible material. However, 
they rely on external structures to 
provide the required optical feedback. 
Micro- or nanoscale resonators might 
enable intracellular lasing without 
external resonators in the future. We 
are also investigating a range of diff er-
ent uses for laser light generated within 
biological systems. Avenues of research 
range from intracellular sensing to ap-
plications in photomedicine. t
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the video that accompanies this article.



24 | OPN Optics & Photonics News www.osa-opn.org

B
IO

-O
P
T
IC

S

When Is Spiral Straight?
Daqing Piao, Anqi Zhang, Gang Yao, Guan Xu, Chathuri Daluwatte, 
Charles F. Bunting, Yuhao Jiang and Brian W. Pogue 

D iff usion occurs for many types 
of particles or energy transfer in 

scattering media. Accurate measure-
ment of diff usion is needed to probe 
the properties of associated media and 
predict processes.1

Nondestructive characterization of 
diff usion is often done through surface 
measurements, in which the particle or 
energy for transport is launched into 
the medium, and the measured diff use 
remission is compared against a model-
predicted value. � ere are rigorous 
models of photon diff usion associated 
with various shapes of applicator-tissue 
interface;2 however, direct numeri-
cal implementation of these analytic 
entities is daunting. For this reason, 
alternative numerical approaches, such 
as the fi nite element method, are fre-
quently used. 

For photon diff usion in noninvasive 
biological imaging applications, argu-
ably the simplest geometry approximat-
ed is that of an infi nite planar volume 
of tissue interfaced with an infi nite 
planar applicator—such as a “semi-in-
fi nite” geometry. In practice, however, 
one commonly encounters confi gura-
tions that could be idealized by either a 
concave geometry, wherein the photon 
probes the regime inner to a cylindrical 
tissue-applicator interface, or a convex 
geometry, wherein the photon probes 
the regime outside a cylindrical tissue-
applicator interface.  

We introduced novel analytical treat-
ment of steady-state photon diff usion in 
concave and convex geometries.3 Our 
approach, validated by experiments,4 
accurately quantifi ed photon remission 
along the azimuthal and longitudinal 
directions with respect to a photon-
launching position in idealized concave 
and convex geometries. In the concave 
geometry, photon remission along the 
azimuthal (or longitudinal) direction is 
found to be greater (or smaller) than that 
along a straight line on a semi-infi nite 

interface, given the same line-of-sight 
source-detector distance. 

� e trends in the convex geometry 
are opposite. � ese fi ndings project 
naturally to the existence of a set of 
spiral paths on a concave or convex in-
terface, along which photon remission is 
modeled by the simplest form of describ-
ing remission along a straight line on a 
semi-infi nite interface versus the same 
line-of-sight source-detector distance.5 
Such interesting phenomenon as a spiral/

straight equivalence pattern of diff use 
photon remission, as shown in the fi gure, 
might exist in other regimes, and it may 
provoke simple sensing strategies to 
accurately probe the associated medium 
with challenging geometries. t
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The trajectory of a photon in a medium is analogous to that of a football: Catching the 
ball is comparable to scattering/absorption of the photon, and the partial bouncing of the 
ball on a grass � eld compares with partial absorption on a tissue-applicator interface. We 
therefore liken the photon remission associated with a concave tissue applicator interface 
to the chance of catching a football between a quarterback and a wide receiver playing 
inside a cylindrical � eld (left, upper inset). Conversely, photon remission associated with a 
convex tissue-applicator interface correlates to the chance of catching a football between a 
quarterback and a receiver outside a cylindrical � eld (left-lower inset). The odds of catching 
a ball along a unique set of spiral paths on a concave or convex � eld are equal to that along 
a straight line on a regular planar � eld (right, upper inset), for the same line-of-sight yards 
between the thrower and the receiver.


