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Tumor spheroids represent a realistic 3D in vitro cancer model because they provide a missing link
between monolayer cell culture and live tissues. While microﬂuidic chips can easily form and assay thousands of spheroids simultaneously, few commercial instruments are available to analyze this massive
amount of data. Available techniques to measure spheroid response to external stimuli, such as confocal
imaging and ﬂow cytometry, are either not appropriate for 3D cultures, or destructive. We designed a
wide-ﬁeld hyperspectral imaging system to analyze multiple spheroids trapped in a microﬂuidic chip in a
single acquisition. The system and its ﬂuorescence quantiﬁcation algorithm were assessed using liquid
phantoms mimicking spheroid optical properties. Spectral unmixing was tested on three overlapping
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spectral entities. Hyperspectral images of co-culture spheroids expressing two ﬂuorophores were compared with confocal microscopy and spheroid growth was measured over time. The system can spectrally
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analyze multiple ﬂuorescent markers simultaneously and allows multiple time-points assays, providing a
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fast and versatile solution for analyzing lab on a chip devices.

Introduction
Interest in multicellular tumor spheroids (MCTS, or spheroids)
as a 3D in vitro cancer model has been steadily growing in the
past decade.1 They represent a realistic 3D cell culture model
with properties that bridge the gap between monolayer cell
culture and live tissues, including human biopsies, surgical
specimens, or mouse xenografts.2,3 MCTS are 3D constructs
made of cells that aggregate together to form spheres of
varying compactness. Contrary to monolayer (2D) cell culture,
they display cell–cell and cell–matrix interactions.2 Tumor cell
lines are often able to spontaneously form these 3D constructs
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when cultured in hanging droplets, low-attachment plates or
passivated microfluidic chips.4
The microfluidics community has put considerable eﬀort
in the past ten years to develop chip-based platforms capable
of forming and/or testing MCTS.1,5–13 Some of them can be
used to synthesize thousands of spheroids in one step.14,15
Others can be used to form spheroids of diﬀerent sizes utilizing a single cell suspension.16 They can also hold (or trap)
spheroids in place during medium changes or while adding/
removing reagents without the risk of pipetting them out, an
issue often encountered when manipulating spheroids with
micropipettes in 96-well plates.17–19
Still, microfluidic chips are not yet fully adopted by research
biologists, one of the main reasons being the complexity of
use. Many microfluidic chips are designed to perform experiments eﬃciently but need complex pumping systems or handling.20 Also, while microfluidic chips are able to easily produce
large amounts of spheroids, very few commercial applications
exist to analyze this massive amount of data. Typical techniques used by researchers consist of confocal, two-photon,
and light sheet microscopy, and flow and imaging cytometry.
Confocal microscopy is often used in conjunction with live/
dead fluorescent markers to count the numbers of viable cells
compared to dead cells in a spheroid.10,21–23 Mohapatra et al.
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acquired spheroid fluorescence emission spectra for whole
optical sections during confocal imaging.24 While this technique oﬀers high resolution imaging and spatial information
on spheroid viability, it is limited to the first few cell layers
(50–100 µm) due to limited light penetration in the 3D culture.
Imaging larger fields of view also requires multiple acquisitions and image stitching.25–27 Loss of signal-to-noise with
imaging depth can prevent accurate measurement of the
spheroid center response to a treatment, where necrotic, senescent, or slowly proliferating cells are present.1
Two-photon and light sheet microscopies circumvent this
limitation by using diﬀerent illumination strategies, albeit
with significant drawbacks. While two-photon imaging typically uses infrared excitation to image whole spheroids, its
long acquisition time for large volumes and its working distance render the technique diﬃcult to use on multiple spheroids trapped in thick (>5 mm) microfluidic chips.28 Light
sheet microscopy, in turn, uses structured illumination to
excite a single plane in the spheroid but is not adapted to
image multiple spheroids in one acquisition.29 Other researchers have developed lens free microscopy over large fields of
view, but the spectral capabilities of their systems are limited
to the static (non-tunable) filters used to image fluorescent
samples.30
Flow cytometry is also used to analyze cell populations in
spheroids using fluorescent markers.14,26 Spheroids are first
digested into a single cell suspension and each cell is analyzed
one at a time using fluorescence-activated cell sorting (FACS).
This technique can precisely measure the proportion of cells
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marked by each fluorescent marker since it analyzes each cell
individually. Because of the necessary spheroid digestion,
FACS is a destructive analysis technique. No spatial information is obtained, contrary to confocal microscopy, and the
same sample cannot be analyzed at multiple time-points.
Image cytometry instruments are starting to be available for
spheroid analysis,31 but they lack the spectral resolution
necessary to separate more than a few fluorophores or perform
fluorescence quantification.
Wide-field fluorescence spectroscopy, seldom used in the
context of 3D cell culture or microfluidics, holds several advantages that could improve spheroid analysis, namely its higher
spectral resolution and its wide-field capability to image multiple samples in one acquisition. Wide-field quantitative fluorescence imaging is currently used in surgical guidance to
identify residual tumors during cancer resection.32,33 However,
since tunable filters generally have low transmission in the
visible range,34 it is a challenge to design an imaging system
with a large field of view while maintaining enough sensitivity
to detect the fluorescence emitted by a spheroid.
Here, we report the first use of wide-field fluorescence
hyperspectral imaging to accelerate spheroid analysis while
they are still trapped in a microfluidic chip. We have designed
a wide-field quantitative hyperspectral imaging (HSI) system
with the potential to spectrally analyze spheroids using multiple fluorescent markers in a single acquisition and in a nondestructive fashion (Fig. 1). The HSI system relies on the use of
a liquid crystal tunable filter to acquire wide-field spectroscopic data of a sample with a spectral resolution of 7 nm.

Fig. 1 Hyperspectral imaging. (A) Concept ﬁgure of hyperspectral imaging of a single layer of green and red ﬂuorescent beads and the average
spectrum from the pixels inside the gray rectangle. Unit a.u. is for arbitrary units. Scale bar = 1 mm. (B) Hyperspectral imaging system diagram.
Circular inset shows microﬂuidic chip B containing 24 wells where spheroids were formed and trapped. Scale bars = 1 mm. Photograph shows the
imaging system.
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Because of its wide-field capability, the system can analyze
multiple samples in one acquisition, enabling the study of
large numbers of spheroids independently without increasing
analysis time exponentially as would confocal imaging or flow
cytometry. The system and its image analysis algorithm also
use transmittance images of the sample to correct for its
optical properties and quantify its emitted fluorescence. The
proposed technique is non-destructive; samples can be analyzed at multiple time-points if the fluorescent markers used
are not cytotoxic. Also, the higher spectral resolution of the
HSI system enables the resolution of a larger number of fluorescent markers than a standard microscope limited by fluorescence filter cubes. Fluorophores with close emission peaks
can also be resolved more easily. We also demonstrate how the
HSI system can be used to analyze spheroids either made on
chip (using chip B) or made using other methods (such as
hanging droplets) and loaded in a microfluidic chip (chip A).
We further introduce a method to perform fluorescence
quantification that is, the number of molecules of a fluorescent dye present in a spatially resolved sample. In general,
that information is lost as the scattering and absorption coeﬃcients of the sample imaged aﬀects the fluorescence detected
at the camera.35 A custom fluorescence quantification algorithm was used to decouple the emitted fluorescence from scatterers and absorbers in the tissue using transmittance images,
in order to recover the intrinsic sample fluorescence signal. Its
performance is demonstrated by imaging calibrated liquid
phantoms with optical properties similar to those of spheroids. Wide-field hyperspectral images of fluorescent co-culture
spheroids were compared with maximum projections obtained
by confocal imaging. Finally, growth curves of two cell populations forming co-culture spheroids were measured over nine
days.
Overall, the HSI system is simple to use and displays
superior performance when compared in terms of spectral
resolution, fluorescence quantification, and analysis time with
other methods and suggests that it may form the backbone of
future spheroid imaging platforms.

Results and discussion
System design and characterization
The custom-built HSI system uses a tunable filter to sweep
across the emission spectrum of the fluorescent sample and
acquires one image per wavelength. Fig. 1A shows a concept
figure where green and red fluorescent beads were placed in a
single layer on a glass slide. By analyzing the emitted fluorescence intensity variations according to the measured wavelength, the beads emission spectrum can be reconstructed and
the contribution of each fluorophore, unmixed.
The system is composed of two illumination paths combined towards the sample using a beamsplitter (Fig. 1B). A
tungsten-halogen white light source is used to measure the
transmittance spectrum of the sample while a supercontinuum laser filtered using a laser line filter is used to excite the
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sample fluorescence at the chosen wavelength. An objective
and relay lens form the sample’s image on a highly sensitive
electron-multiplying charged couple device (EMCCD) camera.
A liquid crystal tunable filter sweeps across wavelengths to
measure the sample transmittance and fluorescence spectra.
To measure the true emitted fluorescence intensity of a
sample, precise steps are needed. Fig. 2 presents an overview
of the image analysis steps performed to measure and quantify
the fluorescence emitted by a sample, correcting for the
sample optical properties and the system response. Each step
details are presented in the Experimental section.
The optical resolution and field of view of the HSI system
were first characterized. A 1951 USAF resolution target was
used to measure the field of view in both the x and y directions, yielding a circular field of view of 7.25 mm in diameter
(see Fig. 3A). This field of view is large enough to measure
multiple samples in one image. The resolution target was also
used to measure the resolution of the imaging system. The
smallest element where a contrast diﬀerence of more than
27% between a black and a white line can be detected was
observed to determine the resolution (see Fig. 3B). In both
horizontal and vertical axes, the measured spatial resolution is
22.6 line pairs per millimeter.
Fluorescence quantification
The sample fluorescence was quantified with a custom algorithm according to the steps listed in Fig. 2 and using the
diﬀerent input data cubes described in the Experimental
section. Each data cube is first normalized to the acquisition
time and the gain of the camera. Fig. 3C and D shows an
example of the shading correction used to correct for uneven
illumination and detection responsible for a vignetting eﬀect.
The correction is shown here on the brightfield image of a
single layer of fluorescent beads with diameters ranging from
300 to 355 µm. Fig. 3E and F shows the shading correction
applied to the fluorescence image of the beads. While the
intensity of the beads in the center of the image is clearly
higher than in the periphery before the shading correction,
the image after shading correction shows that the intensity is
uniform. This correction allows intensity comparison of
samples located in the center of the image versus the periphery
as it compensates for the lower illumination/detection of peripheral samples.
A laser line tunable filter is used in the HSI system to select
a specific wavelength for fluorescence excitation. This versatility comes at the cost of small out of band light contamination.
An example of excitation laser bleed-through measured when a
fluorescent spheroid emitting two fluorophores (enhanced
Green Fluorescent Protein, eGFP, and CellTracker™ Orange,
CTO) is excited at 500 nm is shown in Fig. 3G. The spheroid
fluorescence intensity ( peaks at 515 and 575 nm) is similar to
the bleed-through intensity (three peaks around 625 nm).
Spectral unmixing is used to remove this bleed-through and to
separate the contribution of each fluorophore to the spheroid
fluorescence. Because of the varying thickness of the PDMS
between samples, the intensity of the excitation laser bleed-
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Fig. 2 Image analysis steps to quantify the ﬂuorescence emitted by the imaged sample using its transmittance measurement. Blue blocks represent
experimental input images, yellow blocks represent image analysis steps performed on the acquired brightﬁeld and ﬂuorescence images of the
sample, and green blocks represent output results. Details of each step are presented in the Experimental section.

through varies and cannot be simply subtracted. Here, the
spectral unmixing algorithm considers the spectral shape of
the bleed-through to be removed (see Fig. 3G). Hyperspectral
images in Fig. 3H illustrate the removal of the bleed-through
from a region of interest containing an eGFP-expressing and
CTO-stained spheroid loaded into a well of microfluidic chip A
(see Experimental section for the details on the two microfluidic chips used throughout this work). Because of the low
intensity of CTO fluorescence compared to eGFP, it would be
impossible to detect CTO with a conventional fluorescence
microscope. Fig. 3G and H shows how it was possible to use
the HSI system and spectral unmixing to separate the CTO
contribution from the eGFP fluorescence and illustrates the
potential of hyperspectral imaging in spheroid-based research.
The fluorescence quantification performance of this
imaging system was verified using liquid optical phantoms
mimicking the optical properties of tumor spheroids. Here,
since spheroids do not contain strong absorbers, such as
hemoglobin, their absorbance is found to be negligible compared to their scattering coeﬃcient.36,37 The fluorophore of
interest expressed by the eGFP modified cells used to make
spheroids was simulated using fluorescein diluted in a 0.1 M
Tris-HCl (Tris(hydroxymethyl)aminomethane hydrochloride)
buﬀer at pH 8. This buﬀer and pH was selected to position
fluorescein’s maximum emission peak at 514 nm when dis-
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solved. Lipid emulsion Intralipid® 20% was used to simulate
the scattering properties of spheroids.38 Thirty phantoms were
fabricated, introduced in a 1 mm-pathlength optical glass
cuvette and their fluorescence was measured using the HSI
system. The fluorescence images of each phantom were then
analyzed to find the best α (see eqn (1)) to quantify the fluorescence, similar to what Valdés et al. presented in their
work.39 Fig. 4A shows the corrected fluorescence intensity at
515 nm of optical phantoms with varying fluorophore concentrations, [F], and reduced scattering coeﬃcients, µ′s. The
images shown are those obtained after performing all image
analysis steps using α = 0 to measure the corrected fluorescence of the phantom without any quantification. As the
fluorophore concentration increases, the detected fluorescence
intensity increases linearly, as expected. Similarly, as the
reduced scattering coeﬃcient increases, the detected fluorescence intensity also increases, while the transmittance of
the phantom decreases (Fig. 4B). Fig. 4C shows the quantified
fluorescence images of each fluorophore where, for a specific
fluorescein concentration, the quantified fluorescence is the
same.
The phantom or imaged sample geometry will aﬀect the
fluorescence intensity measured at the camera by an imaging
system in transmission mode. Here, as the scattering coeﬃcient of the phantoms is increased, their transmittance also
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decreases. Meanwhile, the measured fluorescence increases.
This seems counter-intuitive, as one could think the more scattering the sample is, the more light will be scattered away from
the camera. Our results can be explained by a greater number
of photons trapped inside the sample at higher concentrations
of scatterers, yielding a higher amount of excited fluorophore
molecules and a higher detected fluorescence intensity at the
camera. This observation highlights why the geometry of the
optical phantom used to mimic the biological specimen is
important.
Fig. 4D shows the fluorescence intensity summed from 500
to 720 nm of a square region of interest of 6 by 6 pixels
selected in the middle of the images. Corrected fluorescence
(α = 0) and quantified fluorescence (α = −0.34) are presented.
The insert in Fig. 4D shows the optimization of the geometric
quantification factor α. The large dispersion of corrected fluorescence intensity values prevents accurate fluorescence
quantification (R2 = 0.67 for a linear fit) while quantified fluorescence yields a linear fit where R2 = 0.97.
For phantoms where µ′s = 7.5 cm−1, noise is introduced
into the quantified fluorescence images because of the low
transmittance of the sample, illustrating the limit of this
method for fluorescence quantification at very low transmittances. This phantom experiment also shows how transmittance of finite phantoms can also be used to quantify fluorescence, similarly to how reflectance is used in the case of
semi-infinite phantoms or tissues.40
Imaging co-culture spheroids

Fig. 3 System characterization and image analysis steps. (A) Brightﬁeld
image (sum of wavelengths between 500 and 720 nm) of a 1951 USAF
resolution target. Scale bar = 1 mm. (B) Average intensity proﬁles horizontally and vertically of the 3 lines of element 4, group 4 of the resolution target. Arrows show that the Rayleigh criterion of >27% is respected.
(C, D) Brightﬁeld (a.u.) (at 720 nm) and (E, F) ﬂuorescence (a. u.) images
(at 610 nm) of a single layer of ﬂuorescent beads before (C;E) and after
(D;F) the shading correction. Scale bars = 1 mm. (G) Spectral unmixing
of the eGFP and CTO ﬂuorescence from the excitation laser bleedthrough in a spheroid. (H) Top ﬁgure shows the brightﬁeld image (at
720 nm) of the spheroid. Bottom three ﬁgures show the unmixed eGFP
ﬂuorescence (green perimeter) and CTO ﬂuorescence (orange perimeter) from the laser bleed-through (red, ⋯ perimeter). Scale bars =
200 µm, a.u. is for arbitrary units.
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The system’s performance in fluorescence imaging of 3D biological samples was first tested by comparing hyperspectral
and confocal images of the same spheroids. Spheroids were
made using the hanging droplet method41 and diﬀerent ratios
of eGFP-OV1946 cells and mCardinal-OV90 cells and then
loaded in chip A (Fig. 5A). Spheroids were first imaged using
confocal microscopy followed by hyperspectral imaging and
regions of interest are presented in Fig. 5B. Visual comparison
shows that, while the spatial resolution of the hyperspectral
system is lower, the same features can be observed in the
spheroids. Even if HSI images have a lower resolution than
confocal imaging, we can still observe that the fluorescent
cells originating from two diﬀerent cell lines do not mix homogeneously while forming the spheroid. Instead, they tend to
aggregate in separate volumes.
In a second experiment, we used fluorescent clones produced from the same cell line to form homogeneously mixed
co-culture spheroids. Since the cell line OV1946 is known for
its genetic instability,42 the stable clone selection process done
after transfection with fluorescent proteins should produce
subclones of varying growth behaviors. To assess if hyperspectral imaging could measure these even in co-culture spheroids
where the cells are mixed homogeneously, spheroids were
made in chip B using mCherry- and eGFP-expressing OV1946
cells at the following initial ratios: 100 : 0, 75 : 25, 25 : 75, and
0 : 100. 24 spheroids were imaged in a single acquisition and
their subpopulations’ fluorescence was measured every day for
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Fig. 4 Optical phantom experiment. (A) Corrected ﬂuorescence intensity images for 30 phantoms. (B) Mean transmittance of the phantoms with
equal µ’s values. Error bars (±standard deviation) are smaller than the size of the markers. (C) Quantiﬁed ﬂuorescence intensity images of the same
30 phantoms. (D) Fluorescence quantiﬁcation algorithm’s performance to compensate for varying scattering coeﬃcients. Raw ﬂuorescence (blue,
●) and quantiﬁed ﬂuorescence (orange, x) for µ’s varying from 0.5 to 7.5 cm−1. 7.5 cm−1 corresponds to the most saturated blue and orange while
0.5 cm−1 corresponds to the least saturated blue and orange. Insert shows the optimization of the geometry parameter α in relation to R2.
Scale bars = 1 mm, a.u. is for arbitrary units.

9 days. The experiment was repeated 3 times. Fig. 6A shows
the microfluidic chip used in this experiment. The bottom row
images in Fig. 6A show that, contrary to spheroids shown in
Fig. 5B, cells in co-culture spheroids formed using fluorescent
subclones of the same cell line are homogeneously mixed.
Fig. 6B shows the brightfield image of 24 spheroids made in
chip B using the initial ratio 25 : 75 (eGFP : mCherry). Blue
squares are added to represent the maximum number of
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spheroids that it would be possible to image in a single acquisition using the hyperspectral system. For this particular well
size, 60 spheroids could be imaged in the 7.25 mm-diameter
field of view. Fig. 6C shows the corrected fluorescence at
515 nm (eGFP’s emission peak) and 610 nm (mCherry’s emission peak) while Fig. 6D shows the transmittance image at
515 nm of the same 24 spheroids. The spheroids’ transmittance varies between 20% and 30%, depending on their size.
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Fig. 5 Fluorescence study of spheroids loaded on chip. (A) Microﬂuidic chip A. Top photograph shows chip A with an inlet inserted. Bottom photograph shows the tilted chip. Scale bars = 2 mm. (B) Visual comparison of confocal imaging (CI) and HSI of co-culture spheroids made with diﬀerent
ratios of eGFP-OV1946 and mCardinal-OV90. Top row shows maximum projections of confocal imaging of the same spheroids. Scale bar = 100 µm.
Middle row shows brightﬁeld (at 720 nm) overlaid with eGFP (at 515 nm) and mCardinal (at 685 nm) ﬂuorescence. Bottom row shows only the ﬂuorescence intensities of eGFP and mCardinal. Scale bars = 300 µm.

Fig. 6 Fluorescence-based growth assay of spheroids formed on chip. (A) Microﬂuidic chip B. Top photograph shows chip B with inlets and outlets
inserted. Scale bar = 6 mm. Middle phtograph shows a series of 24 wells. Scale bars = 1 mm. Bottom photographs show brightﬁeld and ﬂuorescence
at 515 and 610 nm images and their overlay. (B–D) Brightﬁeld (at 720 nm), ﬂuorescence (at 515 and 610 nm) and transmittance (at 515 nm) imaging
of 24 co-culture spheroids expressing eGFP and mCherry (ratio 25 : 75). Scale bars = 1 mm, a.u. is for arbitrary units. In (A), blue square shows an
extrapolation of how many spheroids of the same size could be imaged if the microﬂuidic chip was optimized. (E–H) Growth assay quantifying each
ﬂuorescence subpopulation forming co-culture spheroids. Co-culture spheroids were formed by mixing two cell lines at speciﬁc ratios (100 : 0,
75 : 25, 25 : 75, and 0 : 100). Evolution over time of the initial percentage of mCherry-OV1946 (E) and eGFP-OV1946 (G) cells for each initial ratio. Day
1-normalized ﬂuorescence intensity of mCherry-OV1946 (F) and eGFP-OV1946 (H). Shaded areas for each curve represents the standard error of the
mean (n = 3).

Here, α was fixed at 0 during the image analysis steps to show
the spheroid corrected fluorescence. Acquisition times for confocal and hyperspectral imaging are similar (≈5 minutes per
acquisition). But since the wide-field capabilities of the HSI
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system allows up to 60 spheroids in the same field of view,
acquisition times are up to 60 times faster using our system.
Fig. 6E shows the percentage of mCherry-OV1946 cells over
time for each initial ratio. Fig. 6F shows the same curves nor-
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malized to day 1, since spheroids are formed in 24 h. This
figure clearly shows that, from day 1 to 9, their growth rate is
linear and nearly identical for each initial ratio. Contrary to
mCherry-OV1946 cells, eGFP-OV1946 cells presented a
diﬀerent growth behavior (Fig. 6G). While each experiment
repetition yielded very similar growth curves for mCherry cells,
as highlighted by the small error bars, eGFP cells proliferated
more erratically in each repetition. Their growth also reached a
plateau around day 4, contrary to mCherry cells. Fig. 6H shows
that eGFP cells that formed initially 25% of a spheroid grew
more than eGFP cells that formed 100%, even if the total
amount of cells in the spheroids was the same. In 200 to
300 μm spheroids, eGFP cell growth is reduced in the presence
of other eGFP cells.
By showing how cell subpopulations behave diﬀerently in
co-culture spheroids, Fig. 6E–H illustrates how quantifying coculture spheroid fluorescence using HSI is an ideal method to
measure cell populations independently and non-destructively
while the spheroids are still trapped in a microfluidic chip.
Also, the hyperspectral system was found to be more versatile
in terms of choosing which and how many fluorophores to
image since the shape of the whole fluorescence spectrum is
known for each pixel of the image, while confocal imaging is
limited to the filter cubes or spectral capability of the confocal
microscope.
Since the samples are transilluminated, a larger volume of
the spheroids can be analyzed, providing an advantage over
confocal microscopy (usually used in epi-illumination). In confocal microscopy, the pinholes used to create the optical sectioning limit the detected intensity and light penetration in 3D
cultures.25–27 Also, the volume sampled in a 3D specimen by
an imaging system depends on the illumination and detection
configuration. Epi-illumination imaging systems mostly
sample one side of the spheroids, since illumination and
detection are performed on the same side. This technique will
be more sensitive to the eﬀect of a drug on the outer layer of a
spheroid. Transillumination, on the other hand, will sample
more of the spheroid volume since illumination is on the
other side of the sample compared to detection.

Experimental
Hyperspectral imaging system
The custom-built spectroscopic imaging system presented here
is detailed in Fig. 1B. It uses a white light lamp for transmittance measurements and a filtered supercontinuum laser that
allows the user to vary the fluorescence excitation wavelength
between 400 nm and 720 nm. A liquid crystal tunable filter is
used to perform a wavelength-sweep and acquire spectroscopic
data. More precisely, a tungsten-halogen white light source
(HL-2000, Ocean Optics, USA) is used to illuminate the sample
from below, using a Köhler illumination setup, where two
irises independently control the area illuminated and the illumination irradiance. In a second illumination branch, a supercontinuum laser (Fianium, NKT Photonics, Denmark) coupled
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to a laser line tunable filter (LLTF, Photon etc., Canada) and a
mode scrambler is used to excite the fluorescence of the
sample. The two illumination branches are combined using a
50 : 50 cube beamsplitter (BS013, Thorlabs, USA). A fixed focal
length objective (59-871, Edmund Optics, USA) and a Steinheil
triplet lens (67-422, Edmund Optics) acting as a relay lens are
used to image the sample on an electron-multiplying charged
coupled device (EMCCD) camera (HNü 512, Nüvü Caméras,
Canada) thermoelectrically cooled to −85 °C. A liquid crystal
tunable filter (LCTF) with a bandwidth of 7 nm (VariSpec VIS,
PerkinElmer, USA) is placed between the relay lens and the
EMCCD to acquire spectroscopic data at each pixel of the
image. A 500 nm (or 550 nm) shortpass filter (FESH0500 or
FESH0550, Thorlabs) filters out the excitation laser light to
remove any unwanted harmonics due to the LLTF. A 500 nm
(or 550 nm) longpass filter (FELH0500 or FELH0550, Thorlabs)
is placed after the objective to remove the excitation laser from
the acquired images.
Data acquisition
Two excitation wavelengths are used in this work: 480 nm and
530 nm. To acquire a spectroscopic image of the microfluidic
chip placed in the sample plane, the LLTF is set to 480 nm (or
530 nm) and a custom LabVIEW 2014 (National Instruments,
USA) software33 is used to sweep the LCTF from 500 to 720 nm
(or 560 to 720 nm) and acquire an image every 5 nm. The
resulting image cube is a 3D matrix of 512 by 512 pixels by 45
(or 33) wavelengths.
To apply the image analysis steps, the acquisition of several
data cubes is required for each sample. First, three acquisitions are made using the imaging system in fluorescence
mode, all at the same acquisition time and gain: (1) a fluorescence image (while the sample is present in the sample
plane); (2) a dark noise image (camera shutter closed); (3) a
bleed-through image of the laser (no sample present). A
similar set of data cubes is acquired using the white light
source to measure the transmittance of the sample. A typical
acquisition of brightfield and fluorescence (480 nm excitation)
data cubes takes 149.85 s (2.5 min). Table 1 summarizes the
diﬀerent data cubes needed for the subsequent image analysis
and shows the typical acquisition parameters used to measure
the fluorescence of spheroids trapped in a microfluidic chip.
After any changes to the imaging system (such as optical
alignment or optical parts for example), a series of calibration
steps are performed to characterize the imaging system. First,
the transmittance of a USAF 1951 resolution target (R3L3S1N,
Thorlabs) is measured between 500 and 720 nm using the
white light source. This acquisition is used to measure the
field of view and the spatial resolution of the system. A set of
uniformly fluorescent Chroma slides (92001, Chroma, USA) is
then measured in fluorescence and brightfield modes to
characterize the spatial intensity variations due to the imaging
system’s optical design. A shading correction is applied for
each sample and its performance is assessed using uniformly
fluorescent beads (UVPMS-BR-1.090 300-355um, Cospheric
LLC, USA). Finally, the excitation laser power density for both
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Table 1 Data cube deﬁnition and typical acquisition parameters. Top: Diﬀerent data cubes acquired for a given sample. Bottom: Summary of the
typical acquisition parameters

Condition

Fluorescence acquisition

Brightfield acquisition

Sample present
Camera; shutter closed
No sample present

Fluorescence of sample
Dark noise (fluorescence)
Laser bleed-through

Brightfield of sample
Dark noise (brightfield)
System transmission

Fluorescence acquisitions
Parameters

Brightfield acquisitions

480 nm excitation

530 nm excitation

Cut-oﬀ wavelengths for filters
Acquisition time (per wavelength)
Gain (per wavelength)
Time to acquire one image cube
Laser power density
Spectral resolution
Acquisition range
Wavelength-step

500 nm
10 ms
50
2.7 s
—

500 nm
200–1000 ms
500
11.25 to 47.25 s
213 µW cm−2
7 nm
500–720 nm
5 nm

550 nm
500–1000 ms
250–500
29.50 to 62.25 s
316 µW cm−2

excitation wavelengths is measured at the sample plane using
a power meter (S121C, Thorlabs).

Image analysis
To analyze hyperspectral images and quantify a sample’s fluorescence, a custom algorithm was developed. Fluorescence
spectra acquired for each sample are processed in MATLAB
R2015a (The MathWorks, Inc., USA) to extract quantified data
according to the steps listed in Fig. 2. Each data cube is first
normalized to the acquisition time and the gain of the
EMCCD camera, as those parameters are calibrated linearly by
the camera’s manufacturer. Dark noise, measured for each
acquisition time and gain parameter set (see Table 1), is then
subtracted from the fluorescence and brightfield images of the
studied sample.
A shading correction is applied to the sample images to
correct for uneven illumination and detection due to the
system’s optical design. Using fluorescence and brightfield
images of the uniformly fluorescent orange Chroma slide
acquired during the calibration steps, a compensation matrix
is calculated by first smoothing the images and then normalizing them to their maximal values. For fluorescence measurements, a single fluorescence compensation matrix is calculated using the image at the emission peak maximum
(555 nm), while a brightfield compensation matrix is calculated at each wavelength of the brightfield measurements. The
shading correction is applied to the fluorescent images by
dividing the images at each wavelength by the fluorescence
compensation matrix and to the brightfield images by dividing
the images at each wavelength by their corresponding brightfield compensation matrix.
The transmittance of the sample is then calculated by dividing its brightfield data cube by the brightfield images acquired
while no sample is present (“System transmission” data cube
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from Table 1). The region of interest (ROI) to further study the
fluorescence of the sample is then defined.
If precise fluorescence quantification is needed, a quantification step can be performed to correct for the optical properties of the sample that are impacting the fluorescence
measured by the camera. To do so, the fluorescence data cube
is divided by the transmittance image according to a modified
normalization quantification algorithm based on:39
ΦRatio ðλÞ ¼

ΦFluo ðλÞ
ðΦTrans
Þα
m

ð1Þ

where ΦRatio(λ) is the quantified fluorescence spectrum,
ΦFluo(λ) is the fluorescence spectrum after shading correction,
ΦTrans
is the transmittance intensity at the fluorophore emism
sion peak, and α is empirically determined using liquid
optical phantoms of known optical properties.
In each ROI, a spectral unmixing is performed to (1) remove
the excitation laser bleed-through and (2) extract the contribution of each fluorophore present in the sample. The spectral
unmixing is done by solving a nonnegative linear least-square
problem. The basis spectra are previously acquired experimental fluorescence spectra of each fluorophore, and an
average spectrum extracted from the same region of interest
but using the bleed-through data cube (“laser bleed-through”
from Table 1). Since the intensity of the bleed-through is
acquired while no sample is present and the PDMS aﬀects the
intensity of the bleed-through contamination when the fluorescence of the sample is acquired, the bleed-through is
removed through spectral unmixing instead of simply subtracted from the fluorescence data cube.
Optical phantoms
Optical phantoms mimicking spheroid optical properties were
made of fluorescein (M422-05, Avantor, USA) to simulate eGFP
and Intralipid® 20% (2B6023, Baxter, Canada) as a light scat-
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terer. Fluorescein was solubilized in a 0.1 M Tris-HCl (Tris
(hydroxymethyl)aminomethane hydrochloride) buﬀer (TRIS
base: 600-125-IK, Wisent Inc., Canada, and HCl: 3750.1-32,
Ricca Chemical Company, USA) made at pH 8. Fluorescein
concentrations of 0.625, 1.25, 2.5, 5, and 10 µg ml−1 and
reduced scattering coeﬃcients at 515 nm of 0.5, 1, 1.5, 3, 5,
and 7.5 cm−1 were combined to make 30 diﬀerent phantoms.
These liquid phantoms were introduced in a 1 mm-pathlength
cuvette made of optical glass (G101, Azzota, USA).
Microfluidic chips
Two microfluidic chips were used to form spheroids on chip
and/or hold them in place to image them. Chip A, shown in
Fig. 5A, is based on Astolfi et al.26 and is composed of a main
channel and five wells. A maximum of five spheroids previously made using other techniques can be loaded in the chip
and trapped in the wells. The second microfluidic chip used,
Chip B, shown in Fig. 6D, is based on a design by Patra et al.14
and is used to form 120 spheroids directly on chip using a cell
suspension. Spheroids made using this microfluidic chip can
then be easily exposed to drugs without accidentally releasing
them from the wells. The microfluidics chips used in each
experiment were chosen according to how the spheroids were
formed, whether on chip or using the hanging droplet
method.41
Chip A consists of 5 wells placed under a main channel.
Each well is 600 × 600 µm2 and 500 µm in height. The top
channel is 600 µm wide by 600 µm in height. Poly(methyl
methacrylate) (PMMA) molds were micromachined by a computerized numerical control (CNC) machine (EMCO PC Mill
55, EMCO GmbH, Austria); one for the main channel and the
wells and the other for the layer containing the inlets and
outlets. Degassed liquid PDMS (Sylgard® 184 silicone elastomer kit, Dow Corning, USA) mixed at 10 : 1 ratio was then
poured into the two molds and cured in an oven at 80 °C for
1 h. The two layers were then exposed to an atmospheric
plasma for 30 s and then bonded together. Hollow nylon cylinders (91145A138, McMaster-Carr, USA) were then inserted
in the main channel inlets. In this design, spheroids made
using the hanging droplet method were introduced in the chip
inlet. Careful aspiration of the fluid at the outlet was then
used to position the spheroids over the wells and let them
sediment.
Chip B was also made using CNC micromachined
molds and PDMS. It consists of a main channel containing 5
series of 24 wells. Each well is 500 × 500 µm2 and 500 µm in
height. The top channel is 2 mm wide and 500 µm in height.
The circular inset of Fig. 1B shows a brightfield image of a
section of the chip where 24 wells contain spheroids formed
on chip.
Both microfluidic chip designs were prepared for cell
culture by first introducing 100% ethanol to remove any
bubbles in the chips. 70% ethanol was then introduced for
10 minutes to sterilize the chips. A solution of sterilized triblock copolymer (10 mg mL−1, Pluronic® F–108, 542342,
Sigma-Aldrich, USA) was then incubated in the chip at 37 °C
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for at least 1 h or overnight to prevent cell adhesion on the
channel walls and inside the wells. Chips were then re-sterilized using 70% ethanol for 10 minutes and chips were finally
completely rinsed and filled with sterile Hank’s Balanced Salt
Solution (HBSS, 311-516-CL, Wisent Inc.) supplemented with
600 µg L−1 amphotericin B (450-105-QL, Wisent Inc.) and
55 mg L−1 gentamicin (450-135-XL, Wisent Inc.) and then
stored for future use at room temperature in a sterile humidity
chamber ( plastic box containing a tissue moistened with
sterile water) to prevent HBSS evaporation.
Spheroid culture
Two high grade serous epithelial ovarian cancer cell lines,
OV194642 and OV90,43 were previously established from
patient ascites in our laboratory at the Centre de recherche du
CHUM. The two cell lines were transiently transfected with
either an eGFP plasmid ( pEGFP-N1, 6085-1, Clontech
Laboratories Inc., USA), a mCardinal plasmid44 (mCardinalN1, #54590, Addgene, USA), or a mCherry plasmid (mCherry2N1, #54517, Addgene). Plasmids mCardinal-N1 and mCherry2N1 were gifts from Michael Davidson. To generate stable
clones, successfully transfected cells were selected with 500
µg ml−1 G418 (Geneticin®, 10131-035, Thermo Fisher Scientific,
USA) and single clones were selected by limiting dilution.
Available stable clones were eGFP-expressing and mCherryexpressing OV1946 cells, and mCardinal-expressing OV90 cells.
In a first experiment, co-culture spheroids were formed
using the hanging droplet method described previously.41
Briefly, cell suspensions of eGFP-OV1946 ( passage 8) and
mCardinal-OV90 ( passage 8) in complete OSE medium [OSE
medium (316-030-CL, Wisent Inc.) supplemented with 10%
FBS (080-150, Wisent Inc.), 55 mg L−1 gentamicin (450-135-XL,
Wisent Inc.), and 600 μg L−1 amphotericin B] with 500 µg L−1
G418 were used to obtain a total of 2.5 × 105 cells per ml at
diﬀerent ratios: 100 : 0, 90 : 10, 75 : 25, 50 : 50, 25 : 75, 10 : 90,
and 0 : 100. Then, 16 µL of the diﬀerent cell suspensions were
carefully pipetted onto the inner side of the cover of a 150 mm
petri dish (CA25383-103, VWR, Canada) to form droplets. The
cover was gently placed on the dish containing 15 ml of phosphate buﬀered saline (PBS, 311-012-LL, Wisent Inc.) to prevent
dehydration of the droplets. Petris were placed in an incubator
at 37 °C and 5% CO2. The spheroids were harvested at day 7
and carefully loaded into the wells of chip A for hyperspectral
and confocal imaging.
Co-culture spheroids made from diﬀerent ratios of two fluorescent cell lines were formed directly inside chip B. Cell suspensions of 9 × 105 cells per mL containing various ratios of
eGFP-OV1946 cells ( passage 90) and mCherry-OV1946 cells
( passage 34) were prepared in complete OSE medium with
G418 (500 µg mL−1). Studied ratios of eGFP- versus mCherryexpressing cells were 100 : 0, 75 : 25, 25 : 75, and 0 : 100. About
600 µL of cell suspension were introduced in the main
channel of each microfluidic chip to form spheroids in 24 h.
The culture medium, complete OSE medium without phenol
[using OSE medium without phenol (316-031-CL, Wisent Inc.)]
supplemented with 500 µg mL−1 G418, was replaced every 24 h
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by introducing 70 µL of new medium at the inlet and removing
3 × 20 µL of medium at the outlet, three times. Medium
without phenol was used to avoid autofluorescence due to the
phenol. Between medium changes, the microfluidic chips were
kept in a sterile humidity chamber in an incubator at 37 °C
and 5% CO2. 24 h after cell seeding, the cells aggregated and
formed one spheroid per well without adhering to the PDMS
surface. When necessary, spheroids trapped in the microfluidic chip were stained with fluorescent markers. A 5 μM solution of CellTracker™ Orange CMTMR (C2927, Thermo Fisher
Scientific) in HBSS was added to the chip and placed in an
incubator at 37 °C and 5% CO2 for 1 hour. The staining solution was then rinsed with fresh medium.
Confocal imaging
Confocal imaging was performed on co-culture spheroids
trapped in Chip A. Images were acquired on a Leica TCS-SP5
inverted microscope (Leica Microsystems, Germany) using a
HC PL FLUOTAR 20×/0.50 dry objective. Excitation system was
performed using the 488 nm line of an argon laser for eGFP,
and the 561 nm diode-pumped solid state (DPSS) laser for
mCardinal using a sequential acquisition at a scan speed of
400 Hz. Spectral detector mirrors were set for each fluorophore
to avoid excitation and emission crosstalk: 500 nm–550 nm for
eGFP; 598 nm–700 nm for mCardinal. Z–Stack images were
acquired with an 8 µm step size and maximum projections
were performed using the Las-AF software. Final images are
8 bits and 512 × 512 pixels with a zoom factor of 1.5.

Conclusions
We presented a custom designed wide-field HSI system based
on a liquid crystal tunable filter to image tumor spheroids
while they are trapped in a microfluidic chip. It circumvents
the typical limitations of confocal microscopy: acquisition
time and light penetration depth. Its wide-field capability
allows the simultaneous measurement of up to 60 spheroids
in a single acquisition. Furthermore, the spectral resolution of
the HSI system enables a wide choice of fluorophores to
image. The acquisition of the whole fluorescence spectrum for
every pixel of the image increases the discriminating power for
spectral unmixing and allows the study of fluorophores with
more similar spectra than conventional filter-based methods.
Also, because of the supercontinuum laser and its laser line
filter, the excitation wavelength can be adjusted for photoactivable fluorophores.45 The HSI system permits non-destructive
measurements of 3D cell cultures, unlike flow cytometry. This
becomes an important advantage when studying the evolution
of a spheroid response to a molecular agent at multiple timepoints. Although the spheroid work presented here relates to
ovarian cancer, any cancer whose cells spontaneously form
spheroids in low attachment environment can be studied as
well as small tissues such as organoids,46 embryos,47 and
microdissected tissues.26
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