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Biological cell lasers are emerging as a novel technology in biological studies and biomedical engineering.

The heterogeneity of cells, however, can result in various lasing behaviors from cell to cell. Thus, the capa-

bility to track individual cells during laser investigation is highly desired. In this work, a microwell array was

integrated with high-quality Fabry–Pérot cavities for addressable and automated cell laser studies. Cells

were captured in the microwells and the corresponding cell lasing was achieved and analyzed using

SYTO9-stained Sf9 cells as a model system. It is found that the presence of the microwells does not affect

the lasing performance, but the cell lasers exhibit strong heterogeneity due to different cell sizes, cycle

stages and polyploidy. Time series laser measurements were also performed automatically with the inte-

grated microarray, which not only enables the tracking and multiplexed detection of individual cells, but

also helps identify “abnormal” cells that deviate from a large normal cell population in their lasing perfor-

mance. The microarrayed cell laser platform developed here could provide a powerful tool in single cell

analysis using lasing emission that complements conventional fluorescence-based cell analysis.

Introduction

Cell lasers are emerging as a novel tool in biological studies
and biomedical engineering.1 With intrinsic (fluorescent pro-
teins) or exogenous (dyes) gain medium inside a living cell,
laser emission could be generated with merits including
threshold-gated emission, narrow linewidth, fingerprint
spectral patterns and high sensitivity to dynamic changes of
intracellular conditions.1–5 Thus, cell lasers could have great
potential for long-term cell tracking,2,6 intracellular biomolec-
ular interaction studies and clinical screening.1

Currently, there are two major scenarios for cell lasing
studies. In the first scenario, microcavities providing optical
feedback for laser operation are located inside living cells. By
letting cells intake microbeads (5–10 μm in diameter),
Humar et al. and Schubert et al. both observed laser emis-
sion from cells.2,3 Humar et al. also demonstrated that oil
droplets injected or naturally present in cells could be used
for cell lasers.3 In these works, microbeads and oil droplets
serve as ring resonators with high Q whispering-gallery-
modes inside cells. This scenario may encounter intrinsic ob-

stacles for biomedical applications. It either relies on cells to
intake relatively large ring resonators (diameter >5 μm),
which is time-consuming, exhibits low yield and has poten-
tial influence on the biological functions of the cells, or ap-
plies to only specific types of cells (such as adipocytes). In
the second cell lasing scenario, cells containing gain medium
are enclosed within an external cavity, which can be a
droplet-based ring resonator7 or a Fabry–Pérot (FP) cavity
formed by two highly reflective mirrors.8 Lasing from cells ex-
pressing fluorescent proteins7,8 or stained with dyes9,10 was
achieved. This scenario is more versatile and can readily be
applied to any type of cell. Compared to the droplet-based
ring resonator, the FP scheme is easier to implement, and
the lasing signal from a specific cell is easier to measure. In
earlier cell laser studies with the FP cavity, microbeads
slightly larger than a cell (∼20 μm in diameter) were mixed
with cells to determine the FP cavity length and secure mirror
alignment.8–10 However, in such a bead-defined FP cavity,
cells are randomly spread or float on/near the mirror surface,
making it difficult to track and monitor cells in a high-
throughput and multiplexing manner for an extended dura-
tion, which is highly desired in biomedical and biochemical
analyses.

While lasing from single cells opens up a new perspective
for biochemical analysis, current cell-based lasing technolo-
gies are facing difficulties when a large number of cells need
to be tested at single cell resolution. No automated and high-
throughput detection using the laser approach has been
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demonstrated to date. Meanwhile, a microwell array is an
attractive platform for cell level studies nowadays, with po-
tential for high-throughput and automated detection. It is
capable of capturing and isolating cells and is compatible
with imaging and subsequent molecular analysis,11–14 thus
providing information ranging from cell morphology to geno-
mics and proteomes down to the single cell level with high
throughput. Microwells are also suitable for long-term moni-
toring of individual cells for their metabolic activities and re-
sponse to external stimuli.15 In this paper, we developed an
integrated microwell platform for cell lasing studies using
the FP cavity scheme. Microwell arrays were fabricated on top
of a highly reflective mirror to capture/locate cells. Lasing
from cells in the microwells was achieved and characterized.
The microwells provide physical addresses for cells, enabling
cell tracking and long-term monitoring during laser interro-
gation. We further demonstrated that our integrated micro-
well array cell lasing platform is compatible with automated
detection and suitable for high-throughput long-term moni-
toring, which will bridge the biolaser technology with practi-
cal applications.

Experimental

Microwell arrays were fabricated in a biocompatible negative
photoresist SU-8 on the surface of dielectric mirrors using
standard soft lithography to locate and support cell lasing in
this work. 1″ × 1″ dielectric mirrors were obtained from Evap-
orated Coatings, Inc. (Willow Grove, PA, USA). The mirrors
were designed to have a reflection band at 510–550 nm (R >

99.5%) and a transmission band at 460–480 nm (T > 90%).
The arrays consisted of microwells with a depth of 25 μm
and a diameter of 35 μm. To access wells more easily during
experiments, every 10 × 10 wells were grouped into a sub-
array in the design. The spacing between wells within a sub-
array was 65 μm and the spacing between sub-arrays was
500 μm. The microwell fabrication procedures are described
as follows. The mirrors were first cleaned by solvent ultra-
sonication (sonicated in acetone, ethanol and de-ionized
water sequentially) and oxygen plasma treatment. Then, they
were dehydrated at 150 °C for 15 minutes right before a 25
μm thick SU-8 2025 (MicroChem Corp., USA) layer was spin-
coated on top. After soft-baking the SU-8-coated mirrors for 3
minutes at 65 °C and 8 minutes at 95 °C, a contact lithogra-
phy tool Karl Suss MA 45S was used to UV expose the mirrors
through a mask with the microwell array design. The exposed
mirrors were subsequently subjected to post-exposure baking
at 65 °C for 1 minute and 95 °C for 6 minutes, followed by
8 minutes of development. After rinsing and drying, the SU-
8 microwell array on top of the mirror could be clearly seen
under a microscope. The microwell arrays were further hard
baked at 150 °C for 10 minutes and treated with oxygen
plasma to improve hydrophilicity before loading with cells.

Lasing from cells has successfully been demonstrated with
various cell types and gain media over the past few years,8–10

showing versatility that can be further explored for bio-

photonic studies and biochemical analysis. As a model sys-
tem, in this work, Sf9 insect cells were used and stained with
a green DNA dye, SYTO9 (Thermo Fisher Scientific, USA), to
demonstrate cell lasing in the microwell array platform.
SYTO9 is a widely used live cell staining dye that is
membrane-permeable and turns into the fluorescent state
when it binds with DNA/RNA. The DNA/RNA-specific nature
of SYTO9 makes the laser gain potentially relevant to the
physiological status of cells. For staining, Sf9 insect cells were
first washed with HBSS buffer and re-suspended to a concen-
tration of 1 × 106 cells per ml. Then, SYTO9 was added to a
final concentration of 25 μM. After 10 minutes of incubation,
cells were washed with HBSS to get rid of the excess dye and
re-suspended in the culture medium for their best viability.
Fig. 1(a) shows the steps of loading the cells into the micro-
wells and subsequent laser excitation/detection. Stained cells
were added to the microwell array pre-wetted with the culture
medium at a surface density of 400 cells per mm2 and set
still for 5 minutes for them to reach the bottom of the wells.
Then, the cells not captured by a microwell were removed
using a cell culture scraper. Finally, a plane mirror was
placed on top of the loaded array, thus forming an FP cavity
with the substrate mirror. The mirror–microwell–mirror
structure was held by a pair of 3D-printed holders for better
mechanical stability and reduced buffer evaporation during
the experiment. Note that the Sf9 cells are suspension cells
under the current conditions. Without the confinement of
the microwells, these cells could move around in the pres-
ence of flow or mechanical disturbance.

For laser experiments, a typical confocal setup (Fig. 1(b))
was used to excite cells in the wells and collect the emission
signal. An optical parametric oscillator (OPO) pulsed laser at
475 nm (5 ns pulse width and 20 Hz repetition rate) was
used as the excitation source. The excitation spot size was
60 μm in diameter, slightly larger than the well diameter in
order to illuminate the entire well homogeneously. The laser
emission from cells was collected using a Horiba iHR 550
spectrometer with the entrance slit set to 0.3 mm in order
to collect the signal from the entire 35 μm well area of inter-
est. The mirror holder was mounted on a motorized 2D
translation stage to precisely position the well of interest
under the excitation beam.

Results

Lasing from both suspension and adherent cells in an FP cav-
ity was demonstrated previously, with a typical lasing thresh-
old around 100 μJ mm−2.8–10 However, cells were randomly
located on/near the mirror surface in those studies. In this
work, SU-8 microwell arrays were used to locate the cells and
track the cell lasing performance in an automated and high-
throughput manner. We first demonstrated and character-
ized the lasing emission from the captured cells in the micro-
wells. The SU-8 microwell arrays defined the distance be-
tween the substrate and the top mirror, hence the cavity
length. Under the present loading conditions (400 cells per
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mm2) and considering that there are 100 wells (a 10 × 10
array) in an area of 1 mm2, we expected that about 40 cells
can be captured in 100 wells (total area of 100 wells × 400 cells
per mm2 ∼40) and 30 out of them can be captured as singlets
according to the Poisson distribution. Our experimental ob-
servation that approximately 30% of the wells were occupied
by single cells agreed with the above calculation. Lasing from
SYTO9-stained cells in the well was achieved, as shown in
Fig. 2, with a lasing wavelength ranging from 530 nm to 550
nm and a threshold around 60 μJ mm−2. The lasing wave-
length was red shifted about 30 nm from the fluorescence
maximum of SYTO9, which is typical for dye lasing. The rela-
tively low threshold compared to those of previously reported
cell lasers resulted mainly from the high abundance of DNA
stained with SYTO9 in the nuclei. The effective dye concen-
tration was estimated to be on the order of mM given the
genome size of Sf9 (∼1.6 × 109 bp)16 and the association con-
stant of SYTO9 (1.8 × 105 M−1).17 The free spectral range
(FSR) of the lasing modes was around 3.5 nm, corresponding
to a cavity length of 30 μm (assuming that the effective re-

fractive index of the cavity is 1.36 in the presence of a cell).
The slightly increased cavity length compared to the SU-
8 thickness might result from a thin culture medium layer
between the SU-8 and the top mirror.

About 30% of cells captured in the microwells could lase
under 130 μJ mm−2 excitation. Fig. 3(a) plots the histogram
of the lasing threshold for the lasing cells in the microwells,
showing the lasing threshold that could range from 20 μJ
mm−2 to 100 μJ mm−2. This heterogeneity in the lasing
threshold is attributable to different DNA concentrations in-
side nuclei that depend highly on the size of the nuclei, the
cell cycle stages and the polyploidy that is generally observed
in Sf9 cells due to their chromosome instability.18 For com-
parison, the SYTO9-stained cells were also tested in a bead-
based FP cavity similar to that in ref. 8 (bead size 30 μm in
diameter in the current work) and a similar percentage of
cells (26%) were found to lase under 130 μJ mm−2 excitation.
The histogram of the lasing threshold for the lasing cells is
plotted in Fig. 3(b) and shows virtually no difference from
the microwell case, suggesting that the microwell structures

Fig. 1 (a) Steps for loading cells into the microwell array. (b) Detection system for cell lasing in the microwell array. Inset: photo of the microwell-
based FP cavity held in the mirror holder and the microscope view of the microwells.

Fig. 2 Lasing threshold (a) and lasing spectrum (b) of a cell captured in the microwell. (c) CCD image of the lasing cell. The red color results from
mirrors rejecting green color in the illumination light coming from the bottom. Fluorescence from the cell is also filtered out by the mirror and
therefore only a strong lasing signal is detected and shown in the image.
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do not have any impact on cell lasing behavior. This is
expected since the lasing modes of cells are mainly confined
by the mirrors and the cells themselves. The confinement of
the microwell structure on the lasing modes is negligible,
given the relatively large size of the wells compared to the
cells and the low reflectivity on the boundary between SU-
8 and water. We also conducted a diffraction simulation of a
Gaussian excitation beam normal to the mirror, showing that
the presence of the microwell structure does not affect the ex-
citation conditions of the cell laser (ESI,† Fig. S1).

It is known that the cell has a slightly larger refractive in-
dex than the surrounding culture medium, which provides
the lensing effect for stabilizing the FP cavity and makes las-
ing insensitive to mirror misalignment (tilt tolerance ∼0.5
degrees).10 Consequently, the Q-factor for each microwell is
determined mainly by the reflectivity of the mirrors and the
optical characteristics of the cell itself (such as gain, absorp-
tion and scattering). In our experiment, the empty cavity
Q-factor in the absence of a cell is estimated to be over 6 ×
104 according to the cavity length of 30 μm and the round-
trip loss of <1%. With a cell present, the Q-factor drops to 1
× 104 due to the ∼5% round-trip loss from the cell.10 There-
fore, the cell lasing performance (e.g., the lasing threshold or
efficiency) can be used to reveal the gain and loss present in
a cell, which can vary significantly with cellular conditions
such as the morphology, cell cycle, metabolic status and poly-
ploidy. Such variations have already manifested themselves
in the lasing threshold distribution in Fig. 3, highlighting the
strong need for the ability to track individual cells and per-
form highly multiplexed detection on a large cell population.

After lasing measurement, the top mirror was replaced by
a transparent cover glass and the conventional fluorescence
image of the cells in the well was taken. Thanks to the micro-
wells, the cells residing in the microwells were not disturbed,
thus allowing us to compare side-by-side the fluorescence
image with the laser image, as illustrated in Fig. 4, which
verifies that the laser indeed occurred in the heavily stained
nucleus region. Further comparison shows that there are spe-
cific patterns that could be identified in the laser image. For
example, in Fig. 4(a) and (b), the cells mainly support (1,1)
Ince–Gaussian modes.8,19,20 In Fig. 4(c), the (0,0) mode is
supported instead. However, in the fluorescence images, all
three cells show only one stained nucleus without any details.
The difference in laser images could result from a combined
effect of the cell morphology and the refractive index21 and
the gain distribution inside a cell, which can vary signifi-
cantly throughout the cell cycle. Thus, the laser-based detec-
tion, with the aid of microwell arrays, may provide a new
approach for better understanding of cells.

The pre-defined positions of microwells in an array also
make it possible to perform high-throughput, automatic laser
detection. To implement this, a LabView program was used
to coordinate the 2D motorized translation stage, the spectro-
meter and the imaging CCD. The position accuracy of the
translation stage was characterized, showing a center-to-
center difference of <5 μm between different wells. With a
fixed pump intensity of 130 μJ mm−2, a 10 × 10 well array
loaded with SYTO9-stained Sf9 cells was screened and the
emission spectrum and the CCD image of each well were col-
lected automatically. It took 5 minutes to screen the whole
array in the current setup, which can be further shortened
with a more advanced automation system. Fig. 5 shows the
screening results. The numbers in the table (Fig. 5(a)) repre-
sent the peak values in each spectrum. To determine whether
a cell is lasing, the cut-off value is set at three standard devia-
tions of the background noise (50 in this example). The
highlighted regions in the table indicate that there were cells
lasing at corresponding microwells. The FSR of the lasing
mode was measured to be 3.51 nm across the entire array,
which confirms the identical optical conditions for all micro-
wells. Together with the CCD image of each microwell, we
can study the lasing population and the status of lasing cells
statistically. In this example, there were 28 wells occupied by
single cells, 10 of which could lase, while 13 wells were occu-
pied by double cells and 8 of the total 26 cells could lase. The
overall lasing ratio was 33%, which agreed well with the man-
ually measured results. There was no significant difference in
the lasing ratio between the one-cell-in-a-well and two-cells-in-
a-well cases, indicating that the lasing behavior of a cell was
independent of its neighbor cell.

We further demonstrated that the automatic scanning
microwell array enables high-throughput time-series monitor-
ing of cell lasing behavior. One cell-loaded array was continu-
ously scanned over 25 minutes and the lasing characteristics
(such as the spectrum and image) of each cell were tracked.
The pump intensity was fixed at 130 μJ mm−2. There were 55

Fig. 3 Histograms of the lasing thresholds for (a) the cells captured in
a microwell array and (b) the cells, along with beads, randomly spread
on top of the mirror.
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cells captured in the wells in this case (41 singlets, 7 dou-
blets), 17 of which could lase at the beginning. Cells with a
relatively low lasing intensity ceased to lase gradually during
monitoring due to photobleaching of SYTO9. There were 9
cells with identifiable lasing peaks throughout the entire
monitoring process, 7 out of which were found to have
unchanged lasing patterns in both the spectrum and the
CCD image. A representative sample (cell in well E5) is shown
in Fig. 6(a) and (b). According to Fig. 6(a), while the FSR of
the cell laser remains virtually the same throughout the en-
tire 25 minutes of the experiment, there is a gradual blue-
shift of the lasing wavelength between 0 min and 20 min and
a reverse trend (red-shift) from 20 min to 25 min. Although
the detailed mechanisms for the blue- and red-shifts are still
unclear to us, they occur consistently for all 7 cells under
study, as shown in Fig. 6(c). We speculate that this systematic
drift in our experimental conditions might be caused by
buffer evaporation and a concomitant salt concentration in-
crease, which change the cavity length and the buffer's refrac-
tive index. Ambient temperature fluctuation might also con-
tribute to the lasing wavelength shift (see discussion in the

ESI†). However, we found little contribution of photo-
bleaching to the wavelength shift, because no shift was ob-
served in the photostability test (ESI,† Fig. S2) and in fact
dyes contributed only to a very small amount of the materials
that fill the cavity in this study. Note that the relatively large
variance in the wavelength shift is observed for the 15–20
min and the 20–25 min groups, which is caused by the cells
in microwells B5, I7 and J10. Since B5 and I7/J10 were tested
at the beginning and at the end of each scan, our relatively
slow scanning speed (5 minutes) might not be able to catch
up with the systematic change in experimental conditions
discussed above.

Based on the work in Fig. 6, a reference baseline can be
established and help identify and analyze cells that have “de-
viated” or “abnormal” lasing behavior. Fig. 7 shows evolving
lasing characteristics of the 2 “abnormal” cells from the same
microwell array as in Fig. 6. For cell B6 in Fig. 7(a), the lasing
mode shown in the lasing images changes from the Ince–
Gaussian (2,2) mode to higher order modes and eventually to
the (0,0) mode. For cell F4 in Fig. 7(b), the initial Ince–Gaussian
(1,1) mode rotates 90° and is replaced by the Ince–Gaussian

Fig. 4 (Top row) Fluorescence (left) and lasing (right) images of three different cells (a–c) captured in three different microwells. (Bottom row)
Corresponding bright-field images, where fluorescence (left) and laser emission (right) are superimposed for better visualization and comparison.

Fig. 5 Results of automatic scanning. (a) Heat map of the lasing array. Data shows the spectral peak value of each well. The yellow-highlighted
boxes denote the microwells that exhibit cell lasing. (b) Sample spectra of lasing wells identified by their row/column number given in the y axis.
(c) Corresponding lasing images with illumination light on. OPO excitation = 130 μJ mm−2. CCD exposure time = 100 ms.
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(0,0) mode. Fig. 7 plots the relative position (with respect to
that at 0 min) of a lasing peak marked by arrows in (a) and
(b) for both cells. A reference curve derived from Fig. 6(c) is
also plotted as a benchmark to indicate the collective re-
sponse of the “normal” cells to the systematic changes. It is
obvious that these two “abnormal” cells have different and
opposite responses. The lasing modes in the B6 cell are more
resistant to the systematic changes, and the lasing peaks
barely shift before the pattern changes. In contrast, the lasing
modes in the F4 cell turn out to be more susceptible and
shift a relatively large amount before we lose track of the
modes. Humar et al. reported the change in cell lasing pat-
terns by changing the buffer's refractive index outside the
cell.10 However, in our case, the changes in the effective re-
fractive index (caused by the thermo-optical effect and buffer
salt concentration) and the cavity length were identical across
the entire array and were verified to be negligible (<0.1%)
according to Fig. 6, and thus cannot explain the deviations in
the lasing behavior of these two cells. Possible reasons could
be the dynamic change of cellular geometry, the integrity of
the nucleus (the nucleus may be broken down following apo-

ptosis22) and photobleaching of dyes that consequently
changes the gain profile within the cell. To fully understand
the lasing pattern shift, detailed quantification of the cell
sizes, the DNA concentration/distribution and the difference
in responsiveness of cells to external stimuli (heat, osmotic
pressure change, etc.) is essential. On the other hand, the ex-
istence of such “abnormal” lasing cells shows the need for
and the potential of using the lasing cell array to study the
inhomogeneity within a cell population.

The cell, together with its subcellular structures such as
the nucleus, is a naturally formed complex optical system. By
specifically staining the components inside a cell, a spatially
varying gain profile can be achieved in a cell laser system.
For example, when the nucleus is specifically stained as in
this work, the gain is limited to a region smaller than the cav-
ity formed by the entire cell and the two parallel mirrors.
Such a configuration has been shown to favor the operation
of high-order Laguerre–Gaussian modes in a stable cavity23

and has also been utilized in the generation of Ince–Gaussian
modes.24 Similarity can be drawn between the SYTO9-stained
Sf9 cells and the lasing system with a tightly confined gain

Fig. 7 Spectra of the cell from microwell B6 (a) and microwell F4 (b) showing evolving lasing patterns during long-term monitoring. Arrows mark
the peaks that were tracked. Inset: The corresponding lasing patterns extracted from CCD images and enhanced for better visualization. (c) Rela-
tive positions of the marked peaks in (a) and (b) during monitoring. The black curve corresponds to the reference baseline derived from the 7 cells
shown in Fig. 6(c). Error bars show the 95% confidence interval. Hollow symbols correspond to peaks marked by red arrows in (a) and (b), which
are likely different modes from those marked by black arrows.

Fig. 6 (a) Lasing spectra of a cell captured in a microwell (E5) in long-term monitoring. OPO excitation = 130 μJ mm−2. Curves are vertically
shifted for clarity. The arrow indicates the peak whose wavelength was tracked. (b) Corresponding images of the cell, showing that the lasing pat-
tern remained unchanged during the entire 25 minutes of experiment. The green channel is enhanced for better visualization of the lasing modes.
(c) Boxplot of the wavelength increment of every 5 minute interval for a lasing peak near 540 nm for 7 cells (in microwells B5, E5, E8, G6, G7, I7
and J10, respectively) on the same array. A positive/negative increment denotes a red/blue shift in wavelength.
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profile reported in ref. 24 since the Ince–Gaussian modes are
commonly observed in our work (see Fig. 6 and 7). Therefore,
it is possible to use the laser mode to extract the gain distri-
bution and reconstruct cellular structures/geometries, such
as the size and the nuclear–cytoplasmic ratio of the cell.

Conclusions

In summary, we have prototyped and characterized an auto-
mated, integrated microwell array platform for systematic
and statistical studies of cell lasers. The microwell array does
not affect the cell lasing performance, but makes the cap-
tured cells more resistant to disturbance, thus allowing us to
track individual cells and performing various analyses on
them. It further enables the establishment of a reference
baseline that represents the collective responses of cells to a
change in an overall environment and the identification of
rare “abnormal” cells that deviate from a large cell popula-
tion. The microwell array is readily compatible with other
technologies such as hyperspectral imaging,8 polarization
analysis and temporal profile studies.4 Further integration of
microfluidic channels that facilitate cell incubation, drug
treatment25 and downstream processing and analysis11,14 will
open the door to applying the cell lasing approach to single
cell analysis and drug screening.
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