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barcoding: the prospects for in vivo biosensing
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Abstract
Researchers in the field of whispering-gallery-mode (WGM) microresonators have proposed biointegrated low-
threshold WGM lasers, to enable large-scale parallel single-cell tracking and barcoding. Although the reported devices
have so far been primarily investigated in model applications, most recent results represent important steps towards the
development of in vivo tags and sensors that utilize the unique and narrow spectral features of miniature WGM lasers.

The past 10 years have witnessed the first demonstra-
tions of lasing from within live cells1, and based on the
phenomenon of whispering-gallery waves or modes
(WGMs)2,3. Unlike many conventional lasers, WGM
lasers can be miniaturized to a size of just a few micro-
meters that fit inside single cells. They emit coherent light
under optical excitation, with lasing thresholds down to
0.13 of picojoules4, using excitation power levels that are
typical in microscopy and compatible with cells5. Con-
fining the light on WGM by near-total internal reflection,
results in prolonged photon lifetimes, and high Q-factors,
that combined with the small WGM mode volume V, are
key for achieving low-threshold lasing. A recent paper by
Seok-Hyun Yun and Yunfeng Xiao et al.6 builds on the
unique properties of WGM microlaser, by developing tiny
2 µm by 200-nm semiconductor laser disks with unique
and narrow (<0.3 nm) spectral signatures and omnidir-
ectional light emission, for tracking cells over a prolonged
time on a confocal microscope. The stage is set, for
developing exciting applications in biology, health, and
environment using the WGM microcavities as a platform
technology that can combine in vivo sensing and cell
tracking with state-of-the-art detection capabilities down
to single molecules7.
Without gain media, passive WGM microresonators

have been used over the past 20 years to demonstrate

remarkable sensing capabilities, such as single-virus
detection by monitoring the WGM frequency shifts with
a MHz precision as the nanoparticles and molecules bind
to the cavity8,9. Further boosting the WGM frequency
shift signal, by increasing the intensity of the probing light
field at the surface of the cavities with plasmonic nano-
particles, led to demonstrations of single-molecule sen-
sing, detection of single-atomic ions10, monitoring of
attomolar chemical reactions11, and characterizing the
conformational changes and characterizing the con-
formational changes of single enzymes12.
Fluorescence-based techniques, on the other hand, have

a long history in single-molecule detection, e.g., see
review13. They have been predominantly used in biology,
for biomedical investigations in imaging, sensing, and also
high-resolution cell tracking14–16. The fluorescence light
emission is highly specific, and several channels can be
combined in multiplexed experiments17. FRET in a
Fabry–Perot resonator enabled individual molecule sen-
sitivity for dopamine, nicotine, and single-strand DNA
detection18. Most recently, single-molecule FRET and
live-cell imaging of metabotropic glutamate receptor 2
(mGluR2), a G protein-coupled receptor, showed inter-
converts between four conformational states, two of
which were previously unknown19.
Combining the WGM microcavities with fluorophores

and other types of gain media provides an exciting new
perspective for biosensing5. Especially in the important
and emerging area of in vivo biosensing, the WGM
microlasers enable new ways for probing cells, for taking
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measurements inside cells and organisms, and for further
improving the detection limit and expanding the sensing
modalities of the passive WGM sensors. The miniature
size, biocompatible materials, and the low WGM lasing
thresholds make it possible to integrate the WGM lasers
with live cells, for a prolonged time and without altering
important physiological functions of the cell4,6,20,21.
Interestingly, the WGM microspheres are readily taken up
by most cells, in a process known as endocytosis22. WGM
beads inside cells have already been used for in vitro
sensing of biomechanical forces and without the need for
any special surface modification or coating of the sensor
which, however, in some cases can promote the uptake of
the laser particles with diameter up to 20 μm20. The
endocytosis of WGM beads has been shown with different
types of cells including human umbilical vein endothelial
cells (HUVECs)22, HeLa cells2,6, different types of cardiac

cells21, primary macrophages and astrocytes as well as the
cell lines HEK 293, NIH 3T3, N7, and SH-SY5Y20.
Using microscopy-based techniques for the excitation and

analysis of the WGM lasing spectra is a powerful approach
for developing applications in biology. The important
application of microscopy-based cell tagging and tracking
can be automated, for investigating organ development,
morphogenesis, spreading of cancer cells, etc.23–25. Some of
the biology applications will require the labeling of many
(potentially thousands of) cells in parallel, and that each cell
can be followed over prolonged time intervals from hours to
days by measuring a unique spectral signature. Here, WGM
lasers can outperform the fluorophore-based cell labeling
and tagging approaches. WGM lasers provide unique
narrow-linewidth lasing spectra which allows the barcoding
of thousands of cells, each hosting one or more of a WGM
laser with unique emission wavelength(s) (Fig. 1a26).
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Fig. 1 Whispering-gallery microlasers for cell tagging. a 400 laser particles with single-mode emission at different wavelengths. b HeLa cell and
semiconductor laser particles without defects (CLP) and with defects introduced on the surface giving omnidirectional emission. c Lasing intensity
threshold versus disk angle α of lasing particles with rough sidewalls. d Typical emission spectrum of a scatterer-coated laser particle fitted with a
Lorentzian lineshape, showing a full width at half maximum of 0.25â€‰nm. e Lasing intensity versus disk angle α: left—conventional laser particles,
right—omnidirectional laser particles. Reproduced from National Institutes of Health (creator: Tom Deerinck, NIGMS, NIH) and from refs. 6,26.
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The past 10 years have witnessed the first demonstra-
tions of lasing from within live cells1, and based on the
phenomenon of whispering-gallery waves or modes
(WGMs)2,3. Unlike many conventional lasers, WGM
lasers can be miniaturized to a size of just a few micro-
meters that fit inside single cells. They emit coherent light
under optical excitation, with lasing thresholds down to
0.13 of picojoules4, using excitation power levels that are
typical in microscopy and compatible with cells5. Con-
fining the light on WGM by near-total internal reflection,
results in prolonged photon lifetimes, and high Q-factors,
that combined with the small WGM mode volume V, are
key for achieving low-threshold lasing. A recent paper by
Seok-Hyun Yun and Yunfeng Xiao et al.6 builds on the
unique properties of WGM microlaser, by developing tiny
2 µm by 200-nm semiconductor laser disks with unique
and narrow (<0.3 nm) spectral signatures and omnidir-
ectional light emission, for tracking cells over a prolonged
time on a confocal microscope. The stage is set, for
developing exciting applications in biology, health, and
environment using the WGM microcavities as a platform
technology that can combine in vivo sensing and cell
tracking with state-of-the-art detection capabilities down
to single molecules7.
Without gain media, passive WGM microresonators

have been used over the past 20 years to demonstrate

remarkable sensing capabilities, such as single-virus
detection by monitoring the WGM frequency shifts with
a MHz precision as the nanoparticles and molecules bind
to the cavity8,9. Further boosting the WGM frequency
shift signal, by increasing the intensity of the probing light
field at the surface of the cavities with plasmonic nano-
particles, led to demonstrations of single-molecule sen-
sing, detection of single-atomic ions10, monitoring of
attomolar chemical reactions11, and characterizing the
conformational changes and characterizing the con-
formational changes of single enzymes12.
Fluorescence-based techniques, on the other hand, have

a long history in single-molecule detection, e.g., see
review13. They have been predominantly used in biology,
for biomedical investigations in imaging, sensing, and also
high-resolution cell tracking14–16. The fluorescence light
emission is highly specific, and several channels can be
combined in multiplexed experiments17. FRET in a
Fabry–Perot resonator enabled individual molecule sen-
sitivity for dopamine, nicotine, and single-strand DNA
detection18. Most recently, single-molecule FRET and
live-cell imaging of metabotropic glutamate receptor 2
(mGluR2), a G protein-coupled receptor, showed inter-
converts between four conformational states, two of
which were previously unknown19.
Combining the WGM microcavities with fluorophores

and other types of gain media provides an exciting new
perspective for biosensing5. Especially in the important
and emerging area of in vivo biosensing, the WGM
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measurements inside cells and organisms, and for further
improving the detection limit and expanding the sensing
modalities of the passive WGM sensors. The miniature
size, biocompatible materials, and the low WGM lasing
thresholds make it possible to integrate the WGM lasers
with live cells, for a prolonged time and without altering
important physiological functions of the cell4,6,20,21.
Interestingly, the WGM microspheres are readily taken up
by most cells, in a process known as endocytosis22. WGM
beads inside cells have already been used for in vitro
sensing of biomechanical forces and without the need for
any special surface modification or coating of the sensor
which, however, in some cases can promote the uptake of
the laser particles with diameter up to 20 μm20. The
endocytosis of WGM beads has been shown with different
types of cells including human umbilical vein endothelial
cells (HUVECs)22, HeLa cells2,6, different types of cardiac

cells21, primary macrophages and astrocytes as well as the
cell lines HEK 293, NIH 3T3, N7, and SH-SY5Y20.
Using microscopy-based techniques for the excitation and

analysis of the WGM lasing spectra is a powerful approach
for developing applications in biology. The important
application of microscopy-based cell tagging and tracking
can be automated, for investigating organ development,
morphogenesis, spreading of cancer cells, etc.23–25. Some of
the biology applications will require the labeling of many
(potentially thousands of) cells in parallel, and that each cell
can be followed over prolonged time intervals from hours to
days by measuring a unique spectral signature. Here, WGM
lasers can outperform the fluorophore-based cell labeling
and tagging approaches. WGM lasers provide unique
narrow-linewidth lasing spectra which allows the barcoding
of thousands of cells, each hosting one or more of a WGM
laser with unique emission wavelength(s) (Fig. 1a26).
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Fig. 1 Whispering-gallery microlasers for cell tagging. a 400 laser particles with single-mode emission at different wavelengths. b HeLa cell and
semiconductor laser particles without defects (CLP) and with defects introduced on the surface giving omnidirectional emission. c Lasing intensity
threshold versus disk angle α of lasing particles with rough sidewalls. d Typical emission spectrum of a scatterer-coated laser particle fitted with a
Lorentzian lineshape, showing a full width at half maximum of 0.25â€‰nm. e Lasing intensity versus disk angle α: left—conventional laser particles,
right—omnidirectional laser particles. Reproduced from National Institutes of Health (creator: Tom Deerinck, NIGMS, NIH) and from refs. 6,26.
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This promising approach to cell barcoding and tagging,
however, suffers one important drawback. When using
WGM microlasers fabricated from planar semiconductor
materials such as InAlGaAs and InGaAsP wafers, which are
particularly suitable for developing these applications25, the
microdisk lasers provide laser emission only in the in-plane
direction of the disk, with no appreciable amount of emis-
sion expected in the out of plane direction for the transverse
electric (TE) modes of the disk. This leads to large fluc-
tuations and loss of the micro-disk laser tracking signals as
the microdisks adopt various different orientations inside
the cells over time.
Now, Tang et al.6 have found a compelling solution to

this problem. They demonstrated omnidirectional emis-
sion from semiconductor InGaAsP microdisk lasers by
incorporating light scattering into the cavity (Fig. 1b). For
this, two designs for introducing scattering nanos-
tructures have been explored: one introduces a boundary
defect (a 200 nm notch or a bump) into the 2 μm disk
cavity, and the other uses tiny nanoparticles sparsely
distributed over the disk resonators and added via the
spin-coating and PECVD techniques.
Despite introducing scattering, single-mode lasing was

possible with a low lasing threshold of 10 pJ, a narrow
linewidth of 0.25 nm (Fig. 1c, d) and with a minimum-to-
maximum ratio of the angle-dependent intensity
improving from 0.007 (−24 dB) to >0.23 (−6 dB), and
nearly independent of the orientation of the tiny semi-
conductor microdisk lasers (Fig. 1e).
The reliability of cell tracking with the nearly omnidirec-

tional emission provided by the laser disks was tested with
HeLa cells. The transfer of the disk to the inside of the cell
body is easy: this is accomplished by simply dispersing the
disks in cell culture medium from where they randomly
distribute and make contact with the cells. The disks were
taken up by a process called micropinocytosis. Using a
confocal microscope, lasing emission of the disks from
inside the cells is recorded on a spectrometer. For excitation,
a pump laser (1060–1070 nm, pulse duration 3 ns, repetition
rate 2MHz) was coupled to a side port of the laser-scanning
unit of the microscope. Confocal microscopy requires spatial
scanning of the excitation lasers which means that it takes
minutes to construct the image, depending on the volume of
the scan. The emission from the cells could be tracked
continuously for 2 h and reliable observed for particles in the
cytoplasm of cells without losing the signals. According to
the authors suggestion, to enable long-term operation in an
aqueous biological environment, semiconductor lasing par-
ticles may need an additional protective layer25.
Now that the problem of directionality of microdisk

laser tags is solved, further improvements of the techni-
que may focus on achieving more rapid and parallel
detection of disk barcodes, in real-world in vivo sensing

and tracking applications and to answer biological ques-
tions24. Furthermore, it would be intriguing to explore if
cell tracking and barcoding with WGM microdisk lasers
can be combined with sensing, perhaps even down to the
single-molecule level, by using the plasmonic nano-
particles as the scattering nanostructures.
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Entanglement goes classically high-dimensional
Qiwen Zhan 1

Abstract
Laser beams from a customarily designed resonator can produce vectorial structured light fields as classical analogs to
high-dimensional multipartite quantum entangled states.

Quantum mechanics is one of the greatest achievements
of the twentieth century and has fundamentally changed
the way we think about the physical universe. However, it
is also one of the most mysterious scientific theories. At
the core of this mystery is the so-called quantum entan-
glement. Measurement of this superposition of quantum
states shows that a strong nonclassical correlation can
exist between two distantly separated quantum systems,
leading to the so-called quantum “spooky action at a
distance”1. This represents one of the most striking out-
comes of quantum mechanics and serves as the most
fundamental quantum mechanical resource, playing an
important role in many quantum computing and quan-
tum information applications.
Entanglement used to be discussed strictly in the

quantum context. One of its key properties is nonlocality,
meaning that the measurement of one quantum system
appears to affect the state of an entangled quantum sys-
tem a certain distance away, seemingly contradicting
special relativity. This correlation is tested by Bell’s
measure2 to reject the local “hidden variable” argued in
the Einstein–Podolsky–Rosen (EPR) paradox3. Quantum
entanglement serves as the foundation of quantum com-
puting and quantum information. However, drawbacks in
the realization and application of these quantum entan-
gled states include the requirement of coincident “click-
ing” detection due to the low signal level and susceptibility
to degradation due to the environment. Recently, there
has been much interest in constructing entanglement
states using classical optical fields in the hope of retaining

some of the features that are analogs to quantum entan-
glement while avoiding the drawbacks and pushing the
quantum-classical boundary4–8. Entanglement prepared
with classical electromagnetic fields is consequently
referred to as classical entanglement.
There have been debates on the nomenclature regard-

ing whether we should associate entanglement with
classical fields9–11. Setting aside the physical quantity
involved, the consensus is that mathematically, they share
the same “nonseparable” characteristic. However, unlike
quantum entangled states, which often deal with the
entangled degrees of freedom (DoFs) of two different
particles (intersystem), classical entanglement deals with
different DoFs within the same optical field (intrasystem).
Hence, nonlocality is not an issue, and their correlation
should be purely classical in nature. Nevertheless, it has
been shown that Bell’s measure can still be defined in the
context of optical coherence12. Opposed to serving as an
indicator for the violation of local realism, Bell’s measure
for classically entangled states serves as a bound for the
degree of coherence that is accessible to a system12. Fra-
meworks developed in quantum computing, quantum
information, etc., can still be applied to classically
entangled fields and find applications in, e.g., imaging,
computing, information processing and metrology,
despite the lack of a quantum nonlocality feature13.
The most popular approach to creating classical

entanglement is to use the DoFs in spatial modes and the
angular momentum, including the spin angular momen-
tum (SAM, or polarization) and orbital angular momen-
tum (OAM). One example of this classical entanglement
with spatially variant polarization is illustrated in Fig. 114.
In this case, the spatial mode and the polarization bases
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