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Abstract

Biological single cell lasers have shown great potential for fundamental research and next
generation sensing applications. In this study, the potential of fluorescent biological cells
as refractive index landscapes and active optical elements is investigated using a combined
Fourier- and hyperspectral imaging technique. We show that the refractive index contrast
between cell and surrounding leads to 3D confinement of photons inside living cells. The
Fourier- and real-space emission characteristics of these biological lasers are closely related
and can be predicted from one another. Investigations of the lasing threshold for different
energy and momentum position in Fourier-space give insight into the fundamental creation
of longitudinal and transverse lasing modes within the cell. These findings corroborate the
potential of living biological materials for precision engineering of photonic structures and
may pave the way towards low threshold polariton lasing from single cells.
Keywords: biolaser, optical confinement, microcavities, Fourier imaging, hyperspectral imaging
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1. Introduction

suggestions to generate stimulated emission in or by biological systems, rather than delivering laser light externally. Such
‘bio-lasers’ may provide valuable information on biological
systems by relating the distinct properties of their emission
to the characteristics of the biological host material. In 2011
Gather and Yun demonstrated a laser based on a single live
cell that produces its own gain medium—the green fluorescent
protein (GFP) [5]. While these single cell lasers are unique in
terms of size and gain medium, lasing has also been generated
in other biological samples such as dye stained animal tissue
[6], Vitamin B2 doped gelatine [7], nanoimprinted DNA [8],
solid-state fluorescent proteins films [9] and chlorophyll [10].
Single cell lasers can be classified into two categories
depending on whether the resonator structure is located outside the cell (extracellular laser) or internalized by the cell
(intracellular laser). Intracellular lasers have only been demonstrated very recently and they may find applications in cell
tagging and tracking or for intracellular sensing. By measuring the unique spectra of these lasers, it is possible to distinguish individual cells in large cell populations over extended
periods of time [11]. It has also been suggested to use them

The invention of the laser by Maiman in 1960 [1] made a
tremendous impact on our lives and advanced biology and
medicine in fundamental research and applications alike. The
medical applications of laser light include for example treatment of skin cancer via photodynamic therapy (PDT) [2],
cosmetic dermatology via laser surgery [3] and diagnostic
imaging of the human eye via scanning laser ophthalmoscopy
[4]. Despite the enormous advances these techniques have
brought, they rely almost exclusively on delivery of conventionally generated laser light to a specific region within the
target tissue. This dogma has recently been challenged by
1
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to monitor intracellular ion concentrations by observing shifts
of the lasing spectrum that result from changes in intracellular
refractive index [12].
For extracellular lasers, lasing is typically obtained from
fluorescent cells in suspension that are located between two
highly reflective mirrors forming a Fabry–Pérot microcavity
(see figure 1(a)). The gain medium of these lasers can be either
a fluorescent protein produced inside the cell, such as GFP
[13], or an externally introduced synthetic dye such as 5-chloromethylfluorescein diacetate (CMFDA) [14]. Both types of
gain medium form quasi-four level systems in which population inversion can be achieved via nanosecond optical excitation. Lasing occurs above a certain pump pulse threshold
which is typically in the nJ-range, orders of magnitude below
the onset of photo-induced damage to the cell [5, 14]. The
emission spectrum of extracellular lasers consists of multiple
narrow-band peaks. Hyperspectral imaging techniques have
been used to decompose the near field emission pattern of
these lasers into its different spectral components [5]. This
allowed identification and assignment of the different peaks
as transverse and longitudinal modes. It was also shown that
this configuration can be used to study the osmotic pressure
of a cell by monitoring the spectral position of the different
laser modes [15]. Due to the well-defined directionality of the
laser emission, light detection can be more efficient than conventional fluorescence assays for which emission is usually
isotropic [16].
Due to the refractive index contrast between the cell and the
surrounding medium, the cell acts as a convex lens within the
planar Fabry–Pérot cavity of an extracellular laser. This leads
to a stable resonator configuration and can accommodate any
tilts between the two cavity mirrors which would otherwise
destabilize the resonator [15]. Even though lasing from single
cells has been observed and studied and first applications have
been proposed, the implications of the photonic structure
formed by the presence of the cell within the cavity have not
yet been investigated in detail and the associated physics are
not fully understood.
Microcavities filled with inorganic or organic emitters are
widely used to study the interaction of light and matter [17].
(These efforts have to some extent already been mirrored
with solid-state films of GFP and other fluorescent proteins
which offer unique photophysical properties in terms of concentration and bi-molecular quenching [9]. Such structures
facilitate photon lasing [18] and can also provide the basis
for room temperature exciton-polariton lasers operating under
nanosecond rather than picosecond excitation [19].) Multidimensional confinement of electromagnetic fields within
microcavities offers a powerful tool to study coherent emission over macroscopic distances and in lasers based on organic
materials such studies can be conveniently performed at room
temperature [20]. The fundamental strategy of these structures
is to introduce lateral discontinuities in refractive index to a
layer within the cavity which then leads to optical confinement [21]. So far, these techniques have typically relied on
lithographic patterning of a metal or an inorganic dielectric
within the cavity. However, an inherent property of the single

cell laser is the refractive index contrast between the cell and
the surrounding medium and we hypothesize that this can be
harnessed for studying light matter interaction and for trapping photons in a biological system.
In the present study, we utilize combined Fourier- and
hyperspectral imaging of single cell lasers to investigate their
fundamental photonic properties. We find that the inherent
refractive index difference between a cell and the surrounding
medium and the presence of the Fabry–Pérot resonator lead to
confinement of photons in three dimensions within the cell. By
comparing Fourier-space (i.e. angle/momentum resolved) and
real-space emission, it is possible to relate the observed transverse mode patterns to different energetic states in Fourierspace. Furthermore, we studied the pump threshold for lasing
as a function of momentum and energy in Fourier-space. The
observations are compared to two reference structures, either
providing synthetic photonic confinement and mimicking
the photonic landscape presented by the cell or without any
in-plane photonic confinement.
2. Materials and methods
2.1. Cell culturing, cell staining and cavity fabrication

Cells from the HEK 293 cell line (derived from human
embryonic kidney cells, Sigma Aldrich) were cultured in
DMEM (Dulbecco’s Modified Eagle Medium, Thermo Fisher
Scientific) with 10% (v/v) fetal bovine serum (FBS, Thermo
Fisher Scientific) and 1% penicillin–streptomycin (Thermo
Fisher Scientific) under standard incubation conditions
(37 °C, 5% CO2) until about 50% confluency.
The dye CMFDA (Life Technologies) was selected for cell
staining. CMFDA allows rapid formation of single cell lasers
since the fluorescence of this dye is only activated when it
interacts with the cytoplasm and this interaction also modifies the dye to become membrane-impermeable (see [14] for
details). HEK 293 cells were incubated in CMFDA (concentration, 200 µM) for 30 min. Using quantitative fluorescence
microscopy, we estimated the final intracellular dye concentration to be 700 µM by comparing the relative intensity
of the fluorescent cells to a fluorescent reference sample.
We attribute this increase in concentration over the original
CMFDA staining solution to an intracellular accumulation of
non-membrane-permeable dye.
Laser cavities were formed by two highly reflective circular distributed Bragg reflector (DBR) mirrors with 25.4 mm
diameter. Each mirror had a photonic stop band with reflectivity R  >  99% that was centred at 532 nm and ranged from
480 to 590 nm. To obtain a defined cavity length, glass beads
with a calibrated diameter of 10 µm were gently sprinkled onto
the bottom mirror before placing the second mirror on top and
gluing the mirrors together using an adhesive polymer (see
figure 1(b)). The fluorescent cells were suspended in phosphate buffered saline solution (PBS) to prevent background
fluorescence and provide physiological osmolarity and ion
concentration. 20 µl of cell solution was transferred into the
cavity void from the edge of the mirrors via capillary forces.
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the CCD array detector while at the same time decomposing
the emission into the different wavelength components. This
allows to study the spectral position of lasing modes without
losing information about the mode pattern and nature. A more
detailed description of the hyperspectral imaging technique
can be found in [5]. For Fourier emission studies, the excitation path remained unchanged but an additional lens was
introduced into the collection path (lens L1 in figure 1(c)) to
image the back-focal plane of the objective onto the entrance
slit of the spectrometer. This configuration allowed investigating the angle-dependent emission of the cavity [22]. To
perform pump energy dependent measurements and record
input–output characteristics of single cell lasers, the OPO
output was passed through a pair of polarizers with the angle
between the first polarizer and the polarization of the OPO
emission adjusted by a computer controlled stepper motor to
adjust the pump pulse energy. Emission spectra were again
collected on the CCD array detector and integrated to determine the total single cell laser output.
2.3. Fluorescent microsphere laser

In order to compare the emission properties of the single cell
laser to an idealized situation, we replaced the fluorescent
cells with fluorescent microspheres consisting of polystyrene
divinylbenzene (PS-DVB, Fisher Scientific). According to the
manufacturer, the spheres had a refractive index of n  =  1.60
and an average diameter of 15 µm. Optical gain was provided
by internal staining of the microspheres with a proprietary fluorescent dye (Firefli Green, λmax  =  510 nm). The microspheres
were suspended in immersion oil (n  =  1.51) and delivered into
a Fabry–Pérot cavity similar to the one used with cells, but
using 20 µm glass beads for setting the cavity length.

Figure 1. Experimental set up. (a) Illustration and (b) picture of

the extracellular single cell laser. A fluorescent biological cell
suspended in PBS (phosphate buffered saline solution) is embedded
between two DBR mirrors which are spaced using glass beads
and sealed using a polymer adhesive. (c) Illustration of the optical
characterization setup for Fourier-imaging in which S denotes the
single cell laser sample, DBS is a dichroic beam splitter with an
onset at 500 nm, L1 is a lens collecting emission from the back
focal plane of the 40×  objective and L2 is a projection lens relaying
the image onto the entrance slit of the spectrometer. The blue beam
indicates the excitation beam provided by the OPO tuned to 465 nm
and the green beam represents emission arising from the single
cell laser sample. The lens L1 can be removed to image real-space
instead of Fourier-space.

2.4. Fluorescent dye laser

2.2. Optical characterization

As a further reference, we also investigated a cavity solely filled
with a fluid gain medium. With this configuration it is possible
to study the case for simple 1D photonic confinement and to
compare this to the emission provided by a structure with a
certain refractive index landscape. The gain fluid consisted of
an aqueous solution of the fluorescent dye Pyrromethene 556
(PM556, Disodium-1,3,5,7,8-pentamethylpyrromethene-2,6disulfonate-difluoro-borate, Exciton Inc.). A concentration of 5
mmol l−1 was dissolved in deionized water and transferred into
a cavity with 10 µm spacing by capillary forces. The refractive
index of the dye solution n  =  1.342  ±  0.015 was obtained by
measuring the angle dependent dye emission from a distributed
feedback grating [23].

Bright field imaging and optical excitation of individual cells
inside the cavity was performed with a custom build inverted
fluorescence microscope which is schematically shown for
Fourier-imaging in figure 1(c). The output from an optical
parametric oscillator (OPO; pulse duration, 5 ns; repetition
rate, 5 Hz; tuned to 465 nm) was passed through a dichroic
beam splitter (DBS; cut-on wavelength, 500 nm) and focussed
into the cavity with a 40  ×  microscope objective. The longer
wavelength emission was collected through the same objective and directed into a collection path by the DBS. For bright
field imaging or to simply image the emission of a single cell
laser, light was passed through a projection lens and directed
toward a CCD camera via a flip mirror (beam path not shown
in figure 1(c)). To record the emission spectrum of the laser
or perform real-space emission measurements (hyperspectral
imaging), the lens L1 (see figure 1(c)) was removed and the
cavity emission collected by the objective was focused onto
the entrance slit of a spectrometer equipped with a CCD
array detector using a projection lens (L2). For hyperspectral imaging the entrance slit of the spectrometer was fully
opened to form an image of the near field emission pattern on

3. Results and discussion
3.1. Basic laser characteristics

The basic characterization of extracellular lasers and hyperspectral imaging of their emission has been described earlier
[5, 14, 15, 24]. For completeness and context, we briefly summarize the characteristics of the CMFDA based single cell
3
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Figure 2. Basic characterisation of three different microcavity structures based on (a) a fluorescent living cell suspended in PBS (phosphate
buffered saline solution), (b) a fluorescent microsphere suspended in immersion oil and (c) a solution of fluorescent dye without refractive
index contrast. Shown are an illustration of the different cavity structures, a representative bright field (BF) image and an image of the near
field laser emission (scale bars, 20 µm). Also shown are the input–output characteristics for each cavity structure (red lines, linear fits to
data below and above threshold) and an emission spectrum above the lasing threshold.

lasers investigated here. Figure 2(a) shows an illustration of
the single cell laser, a typical bright field image of cells within
the cavity and a representative near field emission image of
a lasing cell. The latter shows a complex pattern which was
previously found to result from the overlay of several simultaneously lasing longitudinal and transverse cavity modes.
Figure 2(a) also shows the input–output characteristics for
the same cell, indicating that the onset of lasing occurs at a
threshold pump pulse energy of 25 nJ. Finally, the associated
emission spectrum of the single cell laser above threshold is
also shown. The spectrum is composed of three groups of
sharp peaks and these have previously been found to be associated with lasing from different longitudinal and transverse
cavity modes (see below) [5].
As a simple model for a single cell laser, we also investigated Fabry–Pérot cavities containing polystyrene microspheres with diameters similar to typical cells that are doped
with a green fluorescent dye (figure 2(b)). These microspheres
show lasing even in the absence of a Fabry–Pérot cavity, at
least when present in air or immersed in water [11]. This is
a result of the substantial refractive index contrast between
polystyrene and air (Δn  ≈  0.6) or water (Δn  ≈  0.27), which
leads to the formation of whispering gallery modes within
the microspheres. This situation is not desirable for the purpose of mimicking an extracellular laser where the refractive
index contrast between cell and the surrounding cell culture

medium or PBS is (Δn  ≈  0.04). Therefore a high refractive
index immersion oil was used instead of aqueous PBS to disperse the microspheres. This resulted in an estimated refractive index contrast of (Δn  ≈  0.09). A bright field image and
the near field emission pattern of a typical fluorescent microsphere (diameter, 12.54 µm) within the cavity under lasing
conditions are shown in figure 2(b). The input–output characteristics of this structure reveal a lasing threshold of 4 nJ,
considerably lower than the single cell laser. We attribute this
to a combination of the higher concentration of dye molecules
in the microspheres, reduced intracavity light scattering and
the slightly higher Δn which results in an increased lensing
effect compared to the single cell laser. The use of a different dye and the longer cavity may also contribute to the
difference in threshold. As before, the emission spectrum consists of multiple peaks as expected for a Fabry–Pérot cavity.
These peaks are also clustered in groups, which we will show
below are associated with emission from several transverse
modes for each longitudinal laser mode. The spectral separation between these groups, i.e. the FSR of the laser cavity, is
ΔλFSR  =  (4.1  ±  0.2) nm which corresponds to a cavity length
of lc = λ20/2nc∆λFSR = (20.5 ± 1.6) µ m, consistent with the
20 µm diameter spacer beads used. Here, lc is the geometrical
cavity length, λ0 the vacuum wavelength and nc the average
intracavity refractive index.
4
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In order to compare the emission properties of the fluorescent cell and microsphere lasers to a case without inplane refractive index contrast, we also investigated a simple
cavity filled with a dye solution (figure 2(c)). Compared to
the other two cases, the near field emission originates from a
larger area which we attribute to the dye being present across
the entire size of the pump spot (pump spot diameter, ≈  15
µm) and to the absence of confinement in plane. The lasing
threshold is higher than for both structures with photonic confinement (50 nJ). As before, a series of sharp peaks appears
in the emission spectrum above the lasing threshold but now
these occur as individual peaks and not in groups. The FSR
of ∆λFSR = (9.1 ± 0.2) nm corresponds to a cavity length of
lc = (11.5 ± 0.9) µ m, consistent with the 10 µm spacer beads
used to separate the mirrors.

some laser emission is scattered towards larger angles, into
the cavity dispersion profiles of different lower order longitudinal modes. Figure 3(c) also shows the real-space emission
of the same cavity revealing a Gaussian like emission spot
that resembles the profile of the pump spot. In addition there
is some unstructured in-plane scattering away from the main
lasing peak which we attribute to a combination of surface
roughness of the mirrors and residual tilt of the laser mirrors
which in the absence of confinement can lead to beam walkoff [15].
When placing a fluorescent cell surrounded by PBS into
the microcavity, the emission in Fourier- and real-space
changes drastically (figure 3(a)). In the Fourier domain there
are now a number of prominent and distinct lasing states. The
red dashed line in the Fourier image in figure 3(a) marks the
parabolic cavity mode (longitudinal mode number m = 97)
of an unstructured microcavity with an intracavity refractive
index equal to the refractive index encountered by a mode
propagating through a cell. The refractive index contrast in
the x -y-plane that is introduced by the refractive index of the
cell being larger than the index of the surrounding medium
means that kx and k y can only take a discrete set of values.
Therefore, equation (1) no longer predicts a continuous parabolic dispersion relation, but a series of discrete modes which
are blue shifted in energy compared to the ground state energy
of the corresponding parabolic cavity mode.
There is also a faint trace of the parabolic dispersion of
the bare cavity mode (i.e. with intracavity refractive index of
the medium surrounding the cell, white dashed line, longitudinal mode number m = 93) which we attribute to photons
scattered into the pure cavity mode by intracellular structures.
As with the laser emission from the fluorescent dye cavity (see
figure 3(c)), the lasing modes again scatter into lower order
cavity modes at larger angles.
The real-space measurement of the same single cell laser
(figure 3(a), real-space) shows that lasing is not just from
different longitudinal modes but split into several transverse modes. The transverse mode patterns are elliptical in
shape and of Ince–Gaussian nature. Ince–Gaussian modes
(IGMs) are generalized orthogonal paraxial modes in elliptic
coordinates, and describe the transition between spherical
Laguerre–Gaussian modes (LGMs) with circular symmetry
and Hermite–Gaussian modes (HGMs) with rectangular
symmetry. We attribute the origin of the Ince–Gaussian
modes to a slightly elliptical shape of the cells. Modes with
mode indices from (0, 0)97 to (2, 0)97 are observed (here the
transverse mode numbers p and q and the longitudinal mode
number m are given as (p,q)m). We observe a small energetic
difference between the (2, 0)97 and the (0, 2)97 mode which is
also most likely a result of the slightly elliptical shape of the
cell.
The energetic states of the single cell laser in Fourierspace can be directly related to transverse mode patterns
observed in real-space. As expected, the spectral position and
the number of nodes for each mode is identical in Fourierand real-space. For example, the (0, 0)97 Ince–Gaussian
mode (IGM) in real-space corresponds to a single peak of
constant energy in Fourier-space whereas the (1, 0)97 IGM

3.2. Characterization of cell induced optical confinement

Next, to study the cavity physics of single cell lasers and to
explore the 3D refractive index landscapes they form in more
detail, we combined hyperspectral- und Fourier-imaging techniques and related the real space emission of our microcavity
structures to the emission in momentum space.
For a simple Fabry–Pérot microcavity, standing waves
occur at normal incidence if the optical length of the cavity
lcnc is an integer multiple (longitudinal mode number, m) of
half the wavelength of the emitted light (λ c)
λ
lcnc = m c ; m ∈ N.
(1)
2

Due to energy and momentum conservation, photons within
the microcavity can only attain a specific k-vector that is
determined by the general dispersion relation
E = c k = c k 2z + k 2x + k 2y ,
(2)

where E is the photon energy,  the reduced Planck constant, c
the speed of light and ki the projection of the k-vector into the
i-direction (with i = x, y, z).
Figure 3 shows the Fourier-space emission and the realspace emission for the three different cavity configurations.
For the microcavity filled just with fluorescent dye solution
(figure 3(c)), the Fourier image clearly shows the parabolic
cavity mode which originates from the 1D photonic confinement between the mirrors (z-direction) with no confinement
in the x -y-plane (i.e. kx and k y can take arbitrary values).
Taking into account the angle dependence of the wavevector
k = kz /cos θ ≈ (2π /λ c )(1 + θ 2 /2) for small θ, with θ being
the angle to the normal of the cavity plane, one can rewrite
equation (2)
mπ ⎛
θ2 ⎞
E ≈ c
⎜1 + ⎟.
(3)
lcnc ⎝
2⎠

Fitting equation (3) to the measured data yields a cavity mode
(white dashed line in figure 3(c)) with a longitudinal mode
number m = 73. As expected, the laser emission is from
the lowest energy point of the parabolic cavity mode, i.e. at
θ = 0 °. However, in addition to the main emission at θ = 0 °,
5
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Figure 3. Fourier-space and real-space characterization of lasing from the cell based cavity and from the two reference cavity structures.
The Fourier-space images show a heatmap of the laser emission from the cavity as a function of wavelength and angle. White dashed lines
indicate the bare cavity mode (assuming an intracavity refractive index of water); red dashed lines indicate the cavity mode for the average
refractive index encountered by a mode propagating through a cell and a polystyrene microsphere, respectively. Numbers indicate the
corresponding longitudinal mode number m. The real-space images show the spatially and wavelength resolved emission of the different
laser modes. For the cell and the polystyrene sphere, the transverse mode numbers p and q and the longitudinal mode number m are given
next to each mode as (p, q)m.

in real-space corresponds to two peaks of constant energy in
Fourier-space, etc.
As a control measurement and to mimic an ideal single cell
laser without scattering and with near-perfect sphericity, we
also measured the emission from the cavity structure based
on a fluorescent polystyrene microsphere in immersion oil
(figure 3(b)). The pattern observed in Fourier-space resembles
the single cell laser, but the bare cavity mode is absent. We
attribute this to a combination of much weaker internal scattering and slightly stronger photonic confinement introduced
by the polystyrene microsphere. In the real-space emission
of the fluorescent microsphere laser, the first three fundamental LGMs can be identified. (LGMs rather than IGMs are
observed due to the more spherical shape of the microsphere
compared to the cell.) As for the single cell laser, the energetic

states in Fourier-space can be directly related to the transverse
mode pattern in real-space.
3.3. Comparison of real- and Fourier-space emission of
single cell laser

Compared to microcavity studies performed on light-emitting
inorganic or organic semiconductors, predicting the specific
modes supported and created by cell-based photonic structures is more challenging. This is due to their larger variability
in size and shape. However, the unique transverse mode pattern of single cell lasers may allow one to distinguish different
cells from each other.
Figure 4 shows a selection of transverse lasing mode
patterns for a number of different cells, directly comparing
6
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Fourier- and real-space data for each case. For each example,
the number of nodes seen in the real-space IGM pattern is
the same as the number of nodes of the energetic states in
Fourier-space.
The data also show that while even higher order modes (e.g.
the (6, 0) mode) remain spatially confined to the cell boundary
in real-space, their higher energy state position within the cell
cavity means they are emitted less directionally, i.e. into a
larger range of angles. For example, even though the cell sizes
are comparable, the (6, 0) mode emission has a divergence of
∆θ = (21 ± 1) ° whereas the divergence of the (0, 0) mode
emission is only ∆θ = (5 ± 1) °.
In the hyperspectral images (real-space emission) it can be
seen that the extent of transverse modes is clearly confined to
the boundary between cell and surrounding medium, even for
higher mode numbers. For example, the two outer emission
peaks (left and right) for mode (3,0) follow the slightly
elliptical shape of the cell.
3.4. Input–output characteristics in Fourier-space

We further investigated the lasing threshold for states/modes
with different energies and momenta. Figure 5(a) shows the
Fourier-space emission of a single cell laser operating at the
longitudinal mode numbers m = 112 and m = 111. As before
in figure 3(a), we also show the parabolic dispersion relation
of an unstructured cavity with an intracavity refractive index
corresponding to the average refractive index encountered by
a mode propagating through the cell (red dashed line).
The threshold behaviour of this laser was investigated separately for four different energy and momentum states by integrating the intensity over the respective regions on the CCD
detector attached to the spectrograph. The highest energy emission state of these four states (labelled (p, q )112 in figure 5(a))
occurs at an emission wavelength of (540.6 ± 0.2) nm. From
the corresponding input–output characteristics (black symbols, upper panel in figure 5(b)), we derive a lasing threshold
of 25 nJ for this mode (threshold indicated as T1 in figure 5(b)).
Similar input–output characteristics and lasing threshold are
observed for a mode with the same transverse mode pattern but a lower longitudinal mode number (see (p, q )111 in
figure 5(a) and red symbols in upper panel of figure 5(b)). We
attribute this to the fact that the wavelengths of both modes
are very close to the emission maximum of the intracellular
gain material and that both have the same spatial profile which
means that the overlap of the mode with the gain medium and
with any scattering or absorbing structures in the cell is very
similar.
The mode appearing close to the low-energy end of the
parabolic cavity dispersion is the fundamental (0, 0)112 mode.
The input–output characteristics for this mode are shown as
blue symbols in figure 5(b), central panel. Compared to the
higher order transverse mode (p, q )112, the lasing threshold
is more than three-times higher (89 nJ, indicated by T2 in
figure 5(b)). Therefore, in a single cell laser—as opposed to
precisely fabricated inorganic VSCEL [25]—the most favourable lasing mode is not necessarily the fundamental (lowest
order) transverse mode but can be of higher transverse order.

Figure 4. Different Ince–Gaussian transverse modes emitted by
single cell lasers imaged in Fourier-space (F) and real-space
(R). The modes are from different cells and ordered according to
the transverse mode number, from (0, 0) to (6, 0). The cell boundary
of the corresponding cells is highlighted by a white line in each
real-space emission image. The scale is given in µ m × µ m for
the real-space emission images and in nm × degree angle for the
Fourier-space emission images.

This suggests the 3D refractive index and gain profile defined
by the cell provides higher modal gain to a mode with a more
complex structure and larger spatial extent.
We also analysed the influence of the momentum position
on the lasing threshold by comparing emission from the high
order transverse mode (p, q )112 that is emitted at 0 ° to emission
∗
at the same wavelength but at higher angles (labelled (p, q )112
in figure 5(a)). The corresponding input–output characteristics
(figure 5(b), lower panel) show that emission from the higher
∗
momentum state (p, q )112
was considerably weaker than from
the centre state (p, q )112. However, the onset for lasing is at
the same pump pulse energy for both states. We take this as
evidence that both features are due to the same mode and that
in this cavity structure, emission at larger momentum results
from scattering of lower momentum transverse modes with
the same wavelength. The scattering process is linear and so
the measured thresholds of all momentum states with identical wavelength/energy are the same, independent of their
emission angle. This behaviour is different from our earlier
7
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observations in microcavities containing thin films of solidstate GFP as optical gain medium [18].
4. Conclusion
Using combined Fourier- and hyperspectral imaging techniques, we showed that placing a fluorescent cell into a microcavity gives rise to a 3D photonic confinement. By comparing
the single cell laser emission to the emission from a cavity
filled with a fluorescent dye and to the emission from a cavity
with a fluorescent polystyrene microsphere, we concluded
that the photonic confinement is due to the refractive index
contrast between the cell and the surrounding medium. The
energetic states in Fourier-space can be related directly to the
transverse mode patterns in real-space. This direct relation
allows predictions of the specific longitudinal and transverse
mode pattern. Comparing the Fourier- and real-space emission
further revealed an increase in the divergence of the emitted
laser light with transverse mode order. Investigating the input–
output characteristics of a single cell laser in Fourier-space at
different energy and momentum positions gave insight into
how the different longitudinal and transverse lasing modes are
formed. These in depth characterizations will be helpful for
introducing biological single cell lasers as a tool for sensing
intracellular characteristics which may lead to a cell-laser
based cytometry. In addition, by shrinking resonator size and
thus decreasing the effective mode volume, it may be possible to observe strong coupling and potentially low threshold
polariton lasing from single cells.
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Figure 5. Input–output characteristics of a single cell laser at
different energy and momentum positions, i.e. different lasing
states/modes. (a) Fourier-space image of the laser emission,
showing the four emission states investigated (areas marked by
white boxes and labelled with the respective mode number). Also
shown is the expected dispersion for an unstructured cavity with an
intracavity refractive index corresponding to the effective refractive
index encountered by the supported modes. (b) Threshold curves
for the different energy and momentum states. Mode ( p, q )112
(black symbols) is compared to a mode with different longitudinal
but same transverse mode number (( p, q )111, red symbols), as well
as to the fundamental mode of the same longitudinal mode family
((0, 0)112, blue symbols) and to the emission state of the same mode
∗
at larger angles (( p, q )112
, purple symbols, output values multiplied
by 10 for better visibility).
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