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Abstract: We present an imaging system that collects hyperspectral images 
of cells travelling through a microfluidic channel. Using a single 
monochrome camera and a linear variable bandpass filter (LVF), the system 
captures a bright field image and a set of hyperspectral fluorescence images 
for each cell. While the bandwidth of the LVF is 20 nm, we have 
demonstrated that we can determine the peak wavelength of a fluorescent 
object’s emission spectrum with an accuracy of below 3 nm. In addition, we 
have used this system to capture fluorescence spectra of individual spatially 
resolved cellular organelles and to spectrally resolve multiple fluorophores 
in individual cells. 
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1. Introduction 

Color carries a wealth of information in fluorescence microscopy. Organelles, proteins and 
DNA sequences can all be independently fluorescently labeled and then resolved by the color 
of their fluorescence emission [1–3]. Even for a cell labeled with just a single fluorophore, 
precise measurement of its fluorescence emission spectrum yields information about the local 
environment, including PH [4], ion concentration [5], and molecular order [6]. Modern flow 
cytometers are capable of resolving 17 colors from a single cell using a bank of dichroic 
filters, each matched to an individual fluorophores emission spectrum [7]. In addition, 
hyperspectral flow cytometers have been developed that create a uniformly sampled 
fluorescence spectrum of objects in flow using dispersive elements instead of dichroic filters 
[8]. These instruments enable high throughput analysis of cell fluorescence spectra, but are 
not capable of imaging. Multispectral imaging flow cytometers have been developed, but their 
spectral resolution is lower than other hyperspectral systems [9]. 

In this paper, we present an optical system called the hyperspectral fluorescence 
microfluidic (HFM) microscope. Instead of a dispersive element or multiple dichroic filters, 
the HFM uses a linear variable filter (LVF) [10], which is a bandpass filter whose center 
wavelength continuously changes across its aperture. Hyperspectral imaging is frequently 
performed using filter wheels or liquid crystal tunable filters that sequentially filter widefield 
images [11–13]. Other implementations have used confocal microscopes modified with a 
dispersive element [14]. Both of these technologies are not capable of hyperspectral imaging 
of flowing cells due to their slow acquisition times. Single shot multispectral imaging has 
been demonstrated, but has not been used on cells in fluid flow [15, 16]. 

The HFM, however, uses microfluidic fluid flow to mechanically scan the cell over 
different regions of the LVF, and therefore exploits the fluid’s motion to capture the 
hyperspectral image set. Recently, a spectrometer that also used a LVF was demonstrated that 
captured fluorescence spectra of particles as they traveled across the sensor, but this system 
was not capable of imaging [17]. Fluid flow was also exploited in a microscope that 
assembled focus stacks of flowing cells by tilting the microfluidic channel with respect to the 
object plane to produce a phase imaging flow cytometer [18]. These optofluidic technologies 
show that fluid flow can be integrated with new optical designs to enable multifunctional 
imaging in automated and high throughput platforms [19]. 

2. Hyperspectral fluorescence microscopy 

Figure 1 shows the experimental setup. Objects flowing in a microfluidic device are excited 
by a 50 mW diode-pumped solid state laser emitting at λ = 488 nm injected by a dichroic 
mirror. The laser beam is shaped into a line, oriented along the direction of flow, by a 
cylindrical lens into a beam with a FWHM of 40 × 400 μm. This excitation profile maximizes 
the incident intensity and maintains the beam’s uniformity along the microfluidic channel. 
The microfluidic channel is imaged by a 50 × microscope objective (NA = 0.55) onto the 
LVF, while a notch filter blocks the laser light. The image is then relayed onto a CMOS 
camera by a macro photography lens (Minolta F2.8, 100 mm) to give a total system 
magnification of 35 × . The LVF [10] transmits light with an efficiency of 80% in the 
passband and blocks an average of 98.8% of the light outside the passband. The passband is 
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approximately 20 nm in width and varies across the entire visible range, from 300 to 750 nm, 
with an average slope of 9 nm/mm. 

As objects flow through the microfluidic channel, they are imaged onto different regions 
of the LVF and consequently are filtered by a series of bandpass filters with different center 
wavelengths. For a cell that is 20 μm in diameter, its magnified image is 1 mm on the LVF. 
Consequently, over the cell’s spatial extent, the passband of the filter changes by 9 nm, which 
is approximately half of the passband width. Because the passband changes by less than the 
filter bandwidth, we assume that the entire cell passes through a uniform filter. The spectral 
sampling rate is determined by the distance that the cell moves in between exposures, which 
depends on the cell velocity and the camera frame rate, but is between 3 nm and 5 nm in our 
measurements. Images are acquired by an Andor Neo sCMOS camera that has a 5.5 Mpixel 
(2560 × 2160) sensor and 6.5 µm pixels. Images have been acquired in global shutter mode 
using a region of interest of 200 × 2000 pixels. In order to have a bright field image of the 
objects under study, we illuminate the microfluidic channel with an LED emitting at a 
wavelength of 455 nm, in addition to the fluorescence excitation laser. The LVF removes the 
LED light except for a finite region on the side, which is used to capture a bright field image. 
The LED has been chosen so that its wavelength does not overlap with the sample’s 
fluorescence emission on the CMOS sensor. 

 

Fig. 1. Experimental setup. A laser beam (LB) induces fluorescence in a cell flowing through 
the channel (MC) and is then blocked by the notch filter (NF). Fluorescence is filtered by the 
LVF and is then imaged onto the camera (CMOS) through a macro photography lens (MaL). 
The LED light, collimated by a condenser and an iris (C and I), is transmitted by a portion of 
the LVF and provides a bright field image of the cell. L1 and L2 form a telescopic system and 
MiO is a microscope objective followed by the tube lens TL. 

Figure 2 shows the measurements used to calibrate our system. To characterize the spatial 
distribution of the fluorescence excitation beam, a solution of fluorescein in water was loaded 
into the microfluidic channel and illuminated with the fluorescence excitation laser. The 
resulting fluorescence emission was then imaged onto the camera after removing the LVF, 
and is shown in Fig. 2(a). The light emission is bounded in the vertical direction by the 
microfluidic channel walls and the brightness modulation along the horizontal direction is 
proportional to the distribution of the laser beam intensity. This distribution is then used for 
normalization, so that the measured fluorescence is independent of the excitation intensity 
along the channel. Figure 2(b) illustrates the calibration needed to convert the spatial 
distribution of the light into a spectral distribution. Two different LEDs, emitting at 505 nm 
and 590 nm, are filtered by the LVF, and this spatial distribution is imaged onto the camera. 
This calibration is performed assuming that the passband position changes linearly across the 
filter. The axes show the corresponding relationship between the two scales, where a 
wavelength range from 450 to 660 nm spans the field of view. 
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Fig. 2. Optical calibration. a) Fluorescence emission from a solution of fluorescein in water. 
Scale bar is 40 µm. b) Light from two different LEDs (505 nm and 590 nm) spatially separated 
by the LVF. 

3. High-throughput hyperspectral imaging of fluorescent beads 

As a first experiment, a mixture of three different fluorescent 2 µm beads was measured using 
the HFM microscope [20]. The excitation/emission wavelengths of the three types are 
505/515 nm, 535/575 nm and 580/605 nm, called B1, B2, and B3, respectively. Images were 
collected using a frame rate of 400 frame s−1 and an exposure time of 200 µs. The images 
were then analyzed with an algorithm for particle detection and tracking that we developed. 
Each bead initially passes the bright field region and is detected when the standard deviation 
of the intensity distribution crosses a threshold. The velocity is calculated by evaluating the 
position of the same bead in the following frame and is then used to track the particle in each 
consecutive frame. For an average velocity of 2 mm s−1, the motion blur is 400 nm and is 
below the diffraction limit. 

The intensity of the fluorescence signal, where present, is given by the sum of the intensity 
of the 40 × 40 pixels composing the image of the bead. B1 beads are the brightest of the three 
types, since their peak excitation wavelength is closest to the excitation laser, while the 
fluorescence emission from beads B2 and B3 is progressively weaker. Figure 3(a) shows 
images of beads of the three types, at wavelengths that are uniformly spaced between 500 nm 
and 640 nm with steps of 20 nm. The color added to the monochromatic images fits the 
corresponding wavelength and the brightness scale of each set has been normalized to its 
brightest image. The peak emission wavelength is clearly different between the three beads. 
As expected, images get noisier as the spectral distance between the excitation and the 
emission wavelength increases. In Fig. 3(b), a plot of the fluorescence emission is shown, 
where the fluorescence intensity is normalized to the highest value of bead B1. The two 
inserts show a second plot for beads B2 and B3 using a different scale for the fluorescence 
intensity. The brightest emission intensity for beads B2 and B3 is 1/6 and 1/50 of the 
corresponding value of bead B1. Nevertheless, both signals are easily detectable and lie in the 
dynamic range of the camera. The black curve plotted in the upper insert refers to the 
spectrum of the B2 beads acquired with a Jaz Spectrometer [10] and is plotted to show the 
good agreement with our result. 
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Fig. 3. Hyperspectral imaging of fluorescent beads. a) Hyperspectral image set of the 
fluorescence emission from three types of beads. The false colors fit the corresponding 
wavelengths. Scale bar is 2 µm. b) Fluorescence intensity for the three types of beads as a 
function of the emitted wavelength. In the inserts, the plots relative to beads B2 and B3 are 
shown, where a different scale for the fluorescence intensity has been used. The black line 
refers to the spectrum for the beads B2 acquired with a spectrometer. 

To investigate the accuracy and repeatability of fluorescence spectroscopy using the HFM 
microscope, we collected spectra of 147 beads of the three different types. Figure 4 shows a 
scatter plot of the fluorescence peak intensity for each bead as a function of the corresponding 
peak wavelength. Three separated clusters are clearly visible, referring to the three types of 
beads. The fluorescence peak intensity is chosen as the brightest intensity value of the 
retrieved bead spectrum and the corresponding wavelength estimation is thus affected by the 
sampling pitch, which is 5 nm. The mean values and standard deviations for the wavelength 
of maximum fluorescence emission are 519 ± 2 nm, 566 ± 3 nm and 602 ± 3 nm for beads B1, 
B2 and B3, which closely match the manufacturer’s specifications of 515, 575, and 605 nm, 
respectively. A smaller sampling interval or fitting of the fluorescence spectral distribution 
could likely reduce the standard deviation even further. The coefficients of variation for the 
peak intensity of beads B1, B2 and B3 are 0.07, 0.10 and 0.06 respectively. 
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Fig. 4. Scatter plot of the fluorescence peak intensity. The peak fluorescence intensity is plotted 
as a function of the peak wavelength for beads emitting at three different wavelengths. The 
intensity axis is on a log scale. 

4. Hyperspectral imaging of fluorescently labelled cells 

Hyperspectral imaging of cellular fluorescence enables analysis of the spectra of individual 
cellular organelles. In the first cell imaging experiment, we have used the HFM microscope to 
image fluorescently labeled peroxisomes inside chronic myelogenous (K562) leukemia cells 
using a green fluorescent protein (GFP) viral construct. Peroxisomes are cellular organelles 
that are responsible for breaking down fatty acids and other toxins. Mammalian cells typically 
have several dozen peroxisomes that are sub-micron in size and distributed in the cytoplasm. 
Using the HFM microscope, it is possible to spatially localize individual peroxisomes and 
analyze their fluorescence spectra. Figure 5(a) shows a bright field image of a cell followed 
by six fluorescence images at different wavelengths. As before, the brightness is normalized 
to the brightest image of the series and color has been added to the monochromatic images 
acquired by the camera. Figure 5(c) shows the fluorescence spectra of three individual 
peroxisomes indicated in Fig. 5(b). Each spectrum is normalized to the highest peroxisome 
intensity value (plotted in blue). As can be seen in the figure, the wavelength corresponding to 
the peak intensity is the same for all three spectra and matches the expected emission of GFP. 
However, using a modified GFP or other cell sensing label or ion indicator, it is possible to 
use the retrieved fluorescence spectra to evaluate local cellular parameters which are expected 
to shift the fluorescence emission spectra [4]. 

 

Fig. 5. Organelle fluorescence spectroscopy. a) Bright field and six fluorescence images of 
GFP labeled peroxisomes inside K562 cells. The false colors fit the corresponding 
wavelengths. b) The fluorescence intensities of the three indicated organelles are plotted. Scale 
bars are 10 µm. 
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The HFM microscope can also be used to differentiate multiple fluorophores inside single 
cells when they emit different colors. We have labeled the membrane of acute promyelocytic 
leukemia cells (HL60) with PKH67, which emits green light at a peak wavelength of 504 nm 
[21], and labeled the cell nucleus with an orange-fluorescent stain, Syto 82 [22], which has a 
peak wavelength of 560 nm. In Fig. 6(a), a bright field image and two fluorescence images at 
wavelengths of 510 and 560 nm are shown for three different cells. The color scale is self-
normalized for each image. The plots in Fig. 6(b) show the different ratios between the 
membrane and the nuclear stain in the three cases. All the plots are normalized to the brightest 
value of fluorescent intensity. The fluorescence contribution outside the nucleus in the images 
at 560 nm can be due to non-specific fluorescence from the membrane stain or due to 
cytoplasmic and mitochondrial staining which is known to occur for Syto 82. The images 
captured by the HFM could be processed in order to separate overlapping fluorescence spectra 
using linear unmixing [23]. In Fig. 6(c) the spectra relative to the two indicated points (i.e. 
membrane and nucleus) are plotted (frame from Media 1). 

 

Fig. 6. Multi-color fluorescence hyperspectral imaging. a) Bright field and fluorescence images 
at 510 and 560 nm of three HL60 cells. The false colors fit the corresponding wavelengths. 
Scale bars are 6 µm. b) Emitted spectra for the three cells shown in a). c) Spectra relative to the 
two indicated regions (Frame from Media 1). 

In all cell experiments, cells traveled through microfluidic channels that were 8 µm deep 
and 30 µm in width at an average velocity of 1.5 mm/s. Data was collected with the CMOS 
camera at a frame rate of 300 frame s−1 and an exposure time of 150 µs. In order to avoid cells 
settling in the inlet tube, we used a buffer composed of 18% glycerol, 12% bovine serum 
albumin and 70% PBS. The osmolarity of the buffer solution was adjusted to be isotonic. 

5. Conclusions 

In this paper, we have demonstrated a hyperspectral microscope, called the HFM microscope, 
for analyzing fluorescence in cells travelling through microfluidic channels. The HFM 
microscope has been tested on a mixture of fluorescent beads and cells that have been labeled 
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with one and two different fluorophores. By collecting complete fluorescence spectra of cells, 
it might be possible to use more fluorescence labels than is possible using conventional 
multicolor flow cytometers. In addition, by retrieving complete spectra of individual cell 
organelles, chemical parameters of cells can be mapped out using fluorophores that modify 
their emission based on their environment. Finally, we hope that the HFM microscope will 
enable hyperspectral imaging to take advantage of the high throughput achievable in flow 
cytometry, in order to accurately characterize large samples of cells. 
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