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ABSTRACT OF THE DISSERTATION

2D Image Guided Cell Sorter and 3D Imaging Flow Cytometer

by

Xinyu Chen

Doctor of Philosophy in Electrical Engineering (Medical Devices and Systems)
University of California San Diego, 2024

Professor Yu-Hwa Lo, Chair

Flow cytometry is one of the most used and powerful equipment in cell counting and
biomarker detection, and fluorescent-activated cell sorter (FACS) allows users to sort out single
cells based on user-defined features. Despite its high throughput, the lack of cell image
information may result in false-positive and false-negative, which limits the application of
FACS. As a result, imaging flow cytometer (IFC) was developed for imaging of large cell

volume in the flow system. However, the integration of sorting function and 3-dimensional (3D)
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imaging capabilities in IFC remains to be challenged. Here we developed 2-dimensional (2D)
image-guided cell sorters, and 3D imaging flow cytometer, which will be eventually upgraded to
a cell sorter based on 3D images. Chapter 2 describes a microfluidic cell sorter that uses fast
scanning laser excitation sources and photomultiplier tubes, coupled with real-time image
processing, to image and sort cells based on user-defined spatial features. However, flow
confinement for most microfluidic devices is generally only one-dimensional using sheath flow.
As a result, the equilibrium distribution of cells spreads beyond the focal plane of commonly
used Gaussian laser excitation beams, resulting in a large number of blurred images that hinder
subsequent cell sorting based on cell image features. To address this issue, chapter 3 presents a
Bessel Gaussian beam image-guided cell sorter with an ultra-long depth of focus, enabling
focused images of >85% of passing cells.

IFC that can isolate cells of interest in a label-free environment would simplify the
process flow, reduce cost, minimize cell disruptions by labeling, and overcome limitations of
biomarker availability and specificity. On the other hand, collapsing 3D cell volume to 2D
images always greatly reduces information content. To address these needs, we developed a
label-free 3D imaging flow cytometer and presented it in chapter 4. The array of photomultiplier
tubes (PMTs) collected forward scattering signals from multiple imaging depths, which were

reconstructed by software to 3D cell image.
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Chapter 1 INTRODUCTION

1 Principles of Flow Cytometry

Flow cytometry is a powerful tool that rapidly analyzes single cells in solution, with a
wide range of applications such as immunology, virology, molecular and cancer biology [1]. It
analyzes optical and fluorescence characteristics of mixed populations of cells from blood and
bone marrow, cells dissociated from solid tissues, human-constructed cell lines and particles
such as phytoplankton and nuclei. The obtained data could give valuable information about
biochemical, biophysical and molecular aspects of particles [2], including protein expression,
apoptosis, cell cycle, and even calcium influx and membrane potential [3].

In a common flow cytometer design, cells or particles are being pumped into a channel
with hundreds of micrometers in size, which is called a “flow cell”. Sheath fluid would also be
injected into the flow cell at a much higher speed, so the cells would be confined to the center of
the channel, passing through one by one. Each cell is illuminated by a single laser, or multiple
lasers focusing on the same spot, called the “interrogation zone”. Membrane, nucleus, and
organelles make a cell to be a scattering object, which scatters the incident laser light in all
directions. On the other hand, cells can also be labeled with viral transfection, immunostaining or
staining with fluorescent dyes. These fluorescent compounds absorb light energy, making the
electrons rise from ground states to excited states. The excited electrons quickly go back to their
ground state while giving the excess energy as photons. The emitted photons are called
fluorescence light. People usually choose fluorescent compounds such that each of them will

generate fluorescent light that peaks at different colors.



Light signals with mixed wavelengths, generated by laser-particle interaction, are
separated by optical elements called dichroic mirrors, followed by band-pass filters. Dichroic
mirrors (DMs) spectrally separate light by transmitting and reflecting light as a function of
wavelength. For example, long-pass DMs transmit light with a wavelength higher than the cut-
off value and reflect light with a wavelength lower than the cut-off value. A band-pass filter
allows only a narrow range of wavelengths to pass through, which is close to the emission
peak of a fluorescent dye. Behind each band-pass filter is a photodetector, which converts light
intensity to electric current. The scattering signals are detected in two directions, forward and
side, with the former one generally being considered as indicating cell size and the latter one
being considered as indicating cell granularity.

Photodiodes (PDs) and photomultiplier tubes (PMTSs) are the two most used detectors in
flow cytometry. PMTs amplify the incident photon by secondary electron emission, thus they
have higher sensitivity and better performance in detecting weak light signals. However, PDs are
much smaller in size and can be easily multiplexed to an array. The current outputs of PMTs or
PDs travel to the amplifier, which also serves as a current-to-voltage converter. The analog
signals are then sampled by a digitizer for computer processing, and the software displays the
scattering or fluorescent intensity of each cell as histograms or plots. Nowadays, with the
increased number of excitation lasers and fluorescent channels, large volumes of datasets enable
new methods of analysis like principal component analysis (PCA), t-stochastic neighbor
embedding (tSNE) to be implemented.

2 Fluorescence Activated Cell Sorter

Classification, detection, and isolation of different cell types among cell populations can

bring significant insight to biology and medicine [4-5]. Cell heterogeneity in biological systems



has been a mechanism of maintaining the system’s stability and functionality [6]. The cell-to-cell
differences in structure, composition, and morphology have demonstrated functional
consequences in a variety of biological processes including cell adhesion, immune interactions,
intracellular signaling, and cell growth [7-10]. Hence detecting and classifying new cell types in
highly heterogeneous biological samples is crucial to understand the complex functions and
behaviors of biological systems. On the other hand, in diseased tissues such as cancers, tumor
cells display enormous heterogeneity and new types of tumor cells can develop with the
progression of the disease. Certain tumor cells, even with very low population, can play
significant roles in drug resistance and metastasis [11-12]. All of the above underscore the
importance of detecting, classifying, and isolating cell types even for cells of very low
abundance. Currently microscopy and FACS are the workhorses to perform such functions, as
the former produces high information content, i.e., imaging features of cells, and the latter has
the high throughput and the ability of isolating specific cell types based on expression levels of
biomarkers.

FACS is an advanced variant of flow cytometry, which can sort a heterogeneous mixture
of particles into at least two containers, based on the scattering and/or fluorescence
characteristics of each particle. The software allows users to choose their target of interest by
defining a numerical or graphical boundary on the one-dimensional or two-dimensional
histogram, which is called the gate. Cells whose characteristics fall within the gate will be
separated from those cells who do not. A variety of sorting mechanisms have been developed in
the past several decades, including electrostatic sorting, microfluidic on-chip sorting, and
acoustic sorting.

2.1 Electrostatic Sorting



Electrostatic sorting is the most widely used technique in commercial FACS. An
ultrasonic transducer applies vibration to the flow stream, and droplets form at the end of the
stream because of rapid pressure fluctuations superimposed upon the ambient pressure [13].
Cells are illuminated by the laser in the flow stream. If the detected signals fall within the gating
criteria, a charging pulse, in the order of tens volts, is applied to an electrode which contacts the
electrically conducting fluid. The cell-containing droplet will carry charge when it breaks off
from the stream. All the droplets, both charged and uncharged, then pass through a 2000V
transverse electrostatic field established by two parallel plates. Charged droplets are deflected
transversely by an amount proportional to their charge, and the uncharged droplets remain
traveling straight down, thus they can be separated to different collection tubes [14].

2.2 Microfluidic Cell Sorting

However, most FACS based on electrostatic sorting are bulky, expensive and require
highly skilled personnel to operate, which limits lots of researchers from accessing FACS. As a
result, people came up with the idea of applying microfluidic techniques to flow cytometers, and
developed cell sorting devices called uUFACS. Microfluidics is a research area in which fluids are
manipulated on the microscale level. At this scale, people can take advantage of the scaling of
many physical laws such as rapid diffusion, laminar flows, Dean flows etc. [15]. Taking the
cytometer to a microfluidic platform could transform the device into a compact and low-cost
machine. Additionally, microfluidic cartridges are disposable, which means cross-contamination
and clogging will not be a concern [16]. Instead of spending countless hours and money on
troubleshooting, problems can be solved by simply replacing the cartridge. The three major
components of a FACS system: (1) fluidic system, (2) optics system, (3) sorting system, can all

be miniaturized in UFACS, while maintaining performance. Here | will look at some of the



recent advancements in microfluidic devices, as well as on-chip high throughput sorting
methods.

2.2.1. Microfluidic Hydrodynamic Focusing

Flow focusing has always been an important concern in microfluidic-based flow
cytometers. When fluid moves freely in a pipe, due to surface friction, the portions that are close
to the walls travel much slower than the portion near the center. The flow velocity profile thus
follows a parabolic distribution [17]. The one-dimensional flow focusing on the lateral direction
can be easily achieved by adding two flanking sheath flow lines to the center sample flow line.
The sheath versus sample flow rate is usually 10:1 [18]. However, particles will still randomly
distribute in the channel in the vertical direction. Inconsistent traveling speed of the sample
would cause variations in signal intensity, which limits the stability of the instrument.

A significant amount of work has been devoted to developing microfluidic devices with
two-dimensional flow focusing. Chiu et.al. designed a device where the two sheath channels are
100um high while the sample channel height is 30um [19]. The centers of the sample and sheath
channel are on the same level, and the tight flow focusing was achieved after they merged in the
main channel. The flow properties are visualized by using fluorescent dye mixed in the sample
flow. The sample flow was confined to a stream of ~30um in both directions at 1:40
sample/sheath flow ratio. In beads and cells tests, the coefficient of variance (CV) of the particle
velocity was reduced by 50%-87.5%, depending on the sample/sheath flow ratio, compared to
the device with 1D flow focusing. However, the multi-layer 3D structure of this device makes
the fabrication process very complicated. To solve this problem, Zhao et.al. developed a single
layer device with similar performances [20]. The device has four sheath flow inlets, with two of

them confine the sample flow in horizontal direction and the other two confine the sample flow



in vertical direction. The key is to add sheath flow number 3 and 4 before and after the sample

inlet to squeeze the sample stream. They used rhodamine solution as sample flow and observed
that it was confined to an area of about 15um x 17um. In the polystyrene beads test, the CV of
forward scattering (FSC) intensity is about 7.56%, which is comparable to the traditional flow

cytometer using the non-microscale fluidic system.

2.2.2. Microfluidic Cell Sorter with Integrated Piezoelectric Actuator

Numerous types of uFACS have been developed for particle and cell sorting. The most
used working principles are electroosmotic [21], dielectrophoretic [22], magnetic [23] and
hydrodynamic [24]. However, they all suffer from some limitations like high operation voltage,
complicated device fabrication or sample preparation, low throughput, etc. Chen and Cho et.al.
was able to develop a microfluidic cell sorter based on the mechanical bending of a piezoelectric
actuator (PZT) [25-26]. Some key features of this cell sorter are high throughput, low voltage
and power and precise control of each single cell. The device, made of polydimethylsiloxane
(PDMS), has a 200um wide main channel, followed by a sorting junction and three sorting
channels. The center channel is for collecting unwanted cells and the left and the right channels
are for collecting the targeted cells.

The fluorescent or scattering light emitted by the beads or cells was collected by a PMT.
The output signal from the PMT was imported into the electronic control system for real-time
processing. The control system is programmed with an external driver that has an embedded
field programmable gate array (FPGA) chip. If the signal, after denoising, is higher than the user-
defined threshold value, it means the particle is the one targeted for sorting. In that case, a pre-
defined voltage signal is delivered to the PZT actuator at an appropriate time delay. The PZT

actuator, located in the sorting chamber, has a lead-zirconate-titanate (PZT)-stainless steel



bimorphous structure, and it bends upward or downward according to the polarity of the applied
voltage. The exact volume of fluid displacement by the PZT actuator can be precisely controlled
by the amplitude of the applied voltage. The bending of the PZT actuator induces a transverse
displacement of fluid in less than 0.1ms, thus the trajectory of the target cell would change from
moving to the center channel to moving to the left or right sorting channel. This sorting device,
as well as all the optics and electronics systems, have been commercialized as a product [27].

2.2.3. Microfluidic Cell Sorter with Laser-Induced Jet Sorting

Even though the uFACS in the previous section has been optimized to achieve about
1000 cells per second sorting rate, it is still much lower than the commercial aerosol based FACS,
which has a throughput of 70,000 cells per second and 90% purity. As a result, Chen et.al.
successfully used the phenomena of the pulsed laser induced cavitation bubble to switch
particles/cells in high speed [28]. The microfluidic chip made of PDMS consists of a main channel
with two outlets, collection and waste. The pulsed channel was in parallel with the main channel and
was connected to the main channel through a straight narrow nozzle at the tip of the junction. Allura
Red dye was added in the pulsed channel flow. A Q-switched Nd:YVOa4 laser operating at 532nm
wavelength was focused through a 100X objective lens into the pulsed channel, which induced an
explosive cavitation bubble which expanded and displaced the surrounding fluid. The liquid jet
deflected the desired object into the collection channel. FPGA logic was programmed using LabView
to perform real-time detection, threshold comparisons, and timed triggering of the pulsed laser. A
collection purity of 90% was achieved under a sorting throughput of 3000 particles per second. To
further enhance the sorting throughput, later they combined 2D flow focusing microfluidic devices
with laser induced jet sorting, and they were able to achieve 90% sorting purity at a speed of 23,000
cells per second [29]. The first version of the device took advantage of a 3D multilayer structure, and

the second version was greatly simplified by a non-sheath flow design [30].



3 Imaging flow cytometer (IFC)

In contrast to conventional flow cytometry, which measures forward scattered light to
estimate the relative cell size, microscopy, a technology invented in the seventeenth
century, yields the exact cell size through its bright field image. While the microscopy system
produces rich information from the cell’s spatial characteristics, the FACS system used to isolate
cells cannot take advantage of such information contents, thus greatly limiting our ability of
discovering new, especially rare, cell types the biomarkers of which are not known or
sufficiently specific. To address this challenge, imaging flow cytometers, capable of capturing
single cell images like a fluorescence microscope while retaining the high throughput of flow
cytometer, have been demonstrated. As an integration of fluorescence microscopy and
conventional flow cytometry, IFC combines flow cytometry's single-cell identification and high
throughput with microscopy's cell image acquisition. Therefore, it becomes an ideal approach to
simultaneously fulfill both analysis of morphological characteristics and phenotypic
characterization of single cells within an enormous and heterogeneous population [33].
3.1. 2D Imaging Flow Cytometer

3.1.1. Camera-Based IFC

Amnis ImageStream system is the first commercial IFC [34]. Similar to FACS, cells are
hydrodynamically focused into a core stream and orthogonally illuminated for both side
scattering and fluorescence imaging. Light is collected from the cells with an imaging objective
lens, and then passes through a spectral decomposition optical system that directs different
spectral bands to different lateral positions. The separated light beams are then projected on a
charge-coupled detector (CCD). The CCD is operated using a technique called time-delay-

integration (TDI), a specialized detector readout mode that preserves sensitivity and image



quality even with fast relative movement between the detector and the objects being imaged. The
sensor arrays on CCD are divided into N columns to detect emission or scattered light

of N different spectral ranges from cells. Since its first demonstration, the system has been used
to study apoptosis quantification, nuclear translocation, protein co-localization, cell
morphological analysis, cell cycle classification, DNA damage, etc. [35-39]. However, The TDI
reading out technique requires translation of the cell to be exactly synchronized with the vertical
charge transfer of each pixel on the CCD. This means the fluidic system needs to be delicately
controlled to avoid inconstant cell speed. Besides, the intrinsic data downloading method of
CCD also prevents the system to reach throughput higher than 3000 cells per second [33].

3.1.2.PMT-Based IFC

Compared to CCD, PMT has better sensitivity and dynamic range, as well as lower dark
noise. However, the readout of single-pixel PMT is only the number of photons detected in the
time domain without spatial information. several systems have been developed to transfer spatial
information to either the frequency domain or time domain in order to image the cells in flow
system, including serial time-encoded amplified microscopy (STEAM) [40-41], radiofrequency-
tagged emission (FIRE) [42], and spatial-temporal transformation [10,43]. STEAM can produce
bright field and phase contrast cell images, but not fluorescence images. FIRE has a throughput
of up to 50,000 cells per second, but a Fourier transform is required in restoring cell images from
the PMT detected waveforms. To solve these problems, Han et. al. retrofit a conventional flow
cytometer into an IFC system with minimal modification using the spatial-temporal
transformation technique. The fluorescence and scattering light emitted from the cells are
collected by an objective lens. A spatial filter with an array of slits is inserted at the image plane

of the objective lens. Fluorescence, scattering, as well as the transmitted laser light from different



parts of the cell would pass through different slits at different times. The cell images can be
reconstructed from the PMT detected waveforms using a simple algorithm. Due to the quick
response time of the PMTSs, this technique is well suited for high-throughput, real-time image-
based cell classification and sorting.

3.2. 3D Imaging Flow Cytometer

The advancement of confocal and light sheet microscopy has made the acquisition of 3D
tomography of single cell or even thick tissue accessible. However, only a few groups have been
able to demonstrate IFCs with 3D imaging capability [44-48]. In a previous work of our group, a
light-sheet scanning illumination design is combined with the spatial-temporal transformation
technique, illustrated in the former section, to produce 3D fluorescence and side scattering cell
images with a decent throughput of 500 cells per second [49].

The optical interrogation area is defined by a scanning light sheet (x-y plane) of 200-400
pum in height, scanning along the z-direction at 200kHz. A pinhole array on the spatial filter is
aligned at a tilting angle to the flow stream, such that each pinhole allows light from voxels with
a distinct x index to reach the PMT detector. As the cell flows through pinhole 1, the entire 2D
slice of one y-z plane would be excited by the scanning laser. And when the cell flows through
the last pinhole the entire cell volume can be imaged. As a result, the resolution in the z-direction
is determined by the number of pinholes. The authors were able to image cells labeled by
carboxyfluorescein dye (CFSE) and bonded with 1 um fluorescent carboxylate-modified
polystyrene beads, as well as radiation-induced DNA-damaged CMK3 cells. This 3D-1FC
system offers unique capabilities for studies of many important biomedical characteristics, such
as protein or receptor translocations, tracking of organelle formation or trafficking, chromosome

structural aberrations and 3D orientation and polarity. The label-free 3D side scattering images
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and 2D transmission images were also proved to carry rich information about the properties and
functions of cells because researchers were able to demonstrate cell classification using
convolutional neural network (CNN) and deep convolutional autoencoder (DCAEC) based on
these images [50-51].

4 Image-guided Cell sorter

4.1 Fluorescence Image-guided Cell Sorter

To better understand the differences that exist between cells, even those with identical ,
genomes, new approaches are needed to rapidly search through and sort out cells with unique
chemical and morphological features from large heterogeneous populations [52]. Imaged guided
cell sorting will accelerate a variety of research areas like gene editing, immunotherapy, cell
therapy, phenotype drug discovery [53-56]. So far only a few cell sorting systems can isolate
cells in this manner, including a real-time image-guided cell sorter using spatial-temporal
transformation for cell imaging and machine learning for cell classification [57], and an
intelligent image-activated cell sorter (IACS) which can make cell sorting decisions based on a
deep CNN [58].

The intelligent IACS has a two-step 2D on-chip hydrodynamic cell focuser to confine the
cells in the center of the flow channel. A 3D on-chip acoustic cell focuser is also adopted for
maintaining the focused cell stream for a long distance greater than 3cm. The cells are imaged by
a frequency-division-multiplexed (FDM) microscope, which scans a linear array of multiple
intensity-modulated excitation beams on the cells. The fluorescence and scattering signals are
detected by avalanche photodetectors. The cell travelling speed is measured by a speed meter for
predicting their arrival time at the sorting position. All the information is fed into a real-time

intelligent image processor composed of a FPGA, three central processing units (CPUs), and a
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graphics processing unit (GPU). This FPGA-CPU-GPU infrastructure is on a 10-Gbps all-IP
network, which enables real-time multidimensional feature extraction, classification, and sort-
decision-making. If a sorting decision is made, piezoelectrically actuated dual glass-membrane
pumps will isolate the target cells to the sorting channel.

Gu et.al. developed another IACS by combining the IFC in [43], the microfluidic cell
sorter in [25-26], and machine learning. Cell images are reconstructed using the spatial-temporal
transformation algorithm. To better assist users to make sorting decisions, training samples are
first flown through the system to produce a set of training data. Off-line processing is employed
to construct high resolution cell images. The real-time processing module reconstructs cell
images, extracts image features, and makes sorting decisions based on the off-line trained sorting
criteria. They were able to sort cells by spatial distribution of specific protein, and number
particle binding on cell membrane, as well as radiation-damaged cells, and the classification
accuracy was greater than 90%.

To further enhance the image quality, sorting purity and throughput, we came up with a
new optics design for the fluorescence image-guided cell sorter, which will be discussed in
chapter 2.

4.2 Label-Free Image-guided Cell Sorter

Characterization, classification, and isolation of cell types among a heterogenous
population based on their stain-free morphological characteristics can yield significant biological
insight, especially when coupled with phenotype-genotype correlations. Cell classification
processes often require both the multiparametric spatial information of intracellular structures and
high data volume analysis. In recent years, genome sequencing and population genomic analysis

have had a profound impact in biological research by enabling high-volume comparative analysis,
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enabling new cell type discovery, and uncovering previously unknown cellular heterogeneities
[59]. This has significantly increased the need for methods capable of isolating cells of interest in
a label-free environment to simplify the process flow, reduce cost, minimize cell disruptions by
labeling, and overcome limitations of biomarker availability and specificity. Conventional
methods of cell sorting include optical microscopy [60], deterministic lateral displacement [61],
density gradient methods [62], and magnetic-activated cell sorting (MACS) [63]. However, these
techniques suffer from some of the following aspects, including lack of specificity, low
throughput, high cell loss, population-based sorting without single cell resolution, and the need for
biochemical labeling.

Image-guided cell sorters have greatly pushed the field of label-free cell sorting forward.
This microfluidic-based technology enables the highly informative morphological and spatial
characterization of intracellular structures and subsequent sorting of cells of interest at a
throughput of over two hundred cells per second [64]. Various possible configurations exist, each
with unique characteristics and applications ranging from inexpensive, custom laboratory tools to
precise clinical instruments. Examples of compatible on-chip cell sorting techniques include
surface acoustic waves (SAWSs) [65], magnetic forces [66], and dielectrophoretic forces [67]. An
image guided cell sorter based on 2D transmission images will be presented in Chapter 3. A newly
developed image guided cell sorter based on 3D forward scattering images will be presented in

Chapter 4.
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Chapter 2 IMAGE GUIDED CELL SORTER USING FAST SCANNING LASER

1. Materials and Methods

1.1 Overall System Design of Image-Guided Cell sorter

The overall system architecture is shown in Figure 2.1(a). The optical system interrogates
each travelling cell in the microfluidic channel by scanning laser excitation beams and generates
temporal fluorescent and transmission signal waveforms of each cell. These optical signals, after
being detected by PMTs and converted to electronic waveforms, are sent to a FPGA that
reconstructs the cell image from these waveforms in real time. The image features are then
extracted and compared against the cell sorting criteria, or the “sorting gate”, to determine if the
cell falls within the gated region. If so, then the FPGA sends a voltage signal to activate the on-
chip piezoelectric actuator. Here we choose on-chip PZT actuation due to its low-cost and
manufacturability, suitable for disposable devices to prevent cross contamination [25-26]. Under
the applied voltage signal, the piezoelectric actuator bends upward or downward mechanically,
deflecting the flow and the target cell within the flow into the designated channel in the mode of
population sorting where the selected cells are sorted into a designated collection tube. In the
mode of single-cell sorting, each deflected single cell exits the designated channel in a cartridge
and enters a programmable cell-placement unit that places each cell into a well in the 386-well
plate. The programmable cell placement unit relates the cell in each well to the cell’s image
features, allowing users to check the cell image, the image features, and its “position” within the

“sorting gate” or within one of the “clusters” the cell belongs to.
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While the real-time process is carried out by the FPGA, many off-line processes also take
place in parallel. The cell images are stored and further processed to help users to visually
inspect the cells. Via a graphical user interface (GUI), users can use these images and their
feature distribution charts to (re)define or (re)classify cells and modify the gating criteria for cell
isolation.

1.2 Design of Imaging System

Within the microfluidic device shown in Figure. 2.11, suspended cells are hydro-
dynamically focused to the center of the channel by a sheath flow. At the optical interrogation
zone, each cell is illuminated simultaneously by a scanning dual-wavelength 488/561 nm laser
for imaging and a non-scanning 455 nm light emitting diode (LED) for cell speed measurement.
The 488/561 nm wavelength laser is coupled to an Acousto Optic Deflector (AOD) (OAD948,
Isomet) to create a scanning beam along the y-direction (width of the microfluidic channel) with
a spot size of 1um in diameter. Two 10X (NA=0.28) objective lenses (378-803-3, Mitutoyo) on
the opposite sides of the microfluidic channel are used, one for focusing the scanning laser
illumination beam and the other to collect the fluorescent or transmitted light. Higher than 10X
objectives can be used, if preferred, to enhance the resolution and light collection efficiency,
with a tradeoff for the depth of focus.

A series of dichroic mirrors with different reflection bands separate LED, transmission,
and fluorescent signals to different channels, which are detected by PMTs (H10721-20,
Hamamatsu). A spatial mask, having a design of two slits separated in the cell flow (z-)
direction, is placed at the image plane of the optical system to generate speed information signal.

Depending on the scanning range of AOD and the signal recording time period, the field of view
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is chosen to be 30um by 30um, which covers the size of most biological cells. The resolution is

determined by the diffraction limit of the objective lens, which is 1um here.
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Figure 2.1. (a). Overall system architecture. The scanning laser beam and the cell travel produce
an equivalence of a 2D raster scanning system. The bright field and fluorescent signals of the cell
are detected by PMTs and the temporal signals are reconstructed to form cell images via real-
time processing by a field-programmable-gate-array (FPGA). Meanwhile, the features of each
cell image are extracted by a PC or GPU. According to the sorting criteria (gating) based on
user-selected image features, the on-chip piezoelectric (PZT) actuator is triggered to sort out
cells that have the target features. (b). Design of imaging system. AOD, acousto-optic deflector;
DM, dichroic mirror; OL, 10X/0.28 objective lens; PMTs, photomultiplier tubes; SM, the spatial
mask for cell speed detection with its design shown on the left. (c). Microfluidic chip design.
Suspended cells are focused to the center of the microfluidic channel by a sheath flow. The on-
chip piezoelectric actuator bends upward or downward mechanically, deflecting the flow and the
target cell within the flow into the designated channel. Scale bar: Imm.

1.3 Real-time Image processing

To achieve image-guided cell sorting with high throughput, real-time processing and
computation of cell image features against the “sorting gate” are required. A FPGA-CPU (or

FPGA-GPU) hybrid design is adopted to meet such requirements. The voltage waveform
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modulating the AOD and the detected PMT signals from each cell are acquired and digitized.
FPGA reconstructs the cell images from the acquired signals based on the principle described
next, and the reconstructed cell images are transferred to the CPU for imaging feature extraction.
Dozens of image features, which include area, perimeter, shape, circularity, concentricity, aspect
ratio (major axis length/minor axis length), integrated intensity, mean intensity (intensity divided
by area), standard variation of intensity over space, granularity, spot count, etc. from each
fluorescent color and the transmitted signal are extracted, compared, and analyzed in a parallel
fashion. Then the features directly related to the cell sorting criteria are transferred back to the
FPGA. These image features of each cell passing the interrogation zone is computed in less than
1ms in most cases.

The system contains a user-interface (Ul) that can display cell images, histograms of
chosen cell features, and 2D distribution plots. Users can go through these histograms or plots to
decide by themselves or rely on the built-in algorithms to determine which features are most
relevant to the intended applications and can be used as the “sorting gate”. The process is
interactive and intuitive and allows the cell sample to be divided into subpopulations
characterized by cell image features (e.g. spatial distribution of the fluorescent intensity, shape or
size of cells or organelles). To sort a cell, a voltage pulse is applied to the on-chip piezoelectric
PZT actuator, which instantaneously bends the bimorph PZT disk to deflect the cell away from
the central flow into the sorting channel.

1.4 Image Reconstruction Principle and Algorithm

1.4.1 Mathematical model of waveform-image transformation

The detected PMT measured signal S(t) is related to the object O(y, z) by the following

equation:
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SO = C [[rie1q 0 view 00:2) - psf(y —y',z = 2)dydz  (2.1)
where C is a proportional constant due to the effect of optical loss and detector quantum
efficiency, O(y, z) is the spatial distribution of the object (cell), and psf(y —y’,z — z") is the
point spread function of illumination light, with (y’, z") being the center of the excitation beam.
In the image-guided cell sorter, the object is illuminated by a Gaussian beam, and its

electrical field can be written as

2 2
exp[— y2+z

E(y,2) = Eo WZ@)

WO . .
= lexp(—jkx +jp) (22)
where x is the beam propagating direction, W (x) is beam width, k is wave vector.
The depth of focus can be calculated by:

22, = 2”3’02 2.3)

where z, is the half focal depth and Wj, is the radius of beam waist at the focal spot. Due
to the use of 10X objectives for excitation and light detection, the depth of focus is
approximately 10um. Here we ignore the effect of beam waist change and treat cells that are
within the depth of focus. Considering the excitation light intensity which the fluorescent signal
is proportional to, we can write:

2 0
psfy =y —2) =kexp |- LXLHEEL] 2.

202
where o = %WO. Substitute (2.4) into (2.1) and augment the limits of the double integral

from the finite field of view to infinity,

) +(z=2")

5@ = ¢ 72,002 - kexp [- CXLEE fuy — yyi) = uy = e Mz -

, y2+z2
Znin) = U(Z = Zmg)] dydz = € 0'(y,2) * exp [~ 22| (25)

202

18



where 0'(y,z) = 0(y, 2)[u(y = Ymin) = U = Yimax)[u(Z = Zmin) — U(Z = Zmax)]- U
is the Heaviside step function. y,min, Vimaxr Zmin» Zmax €Orrespond to the limits for the field of
view.

Next, we relate the position of the beam center (y’, z") to the time, t, when the cell enters
the field of view. Since the cell is travelling in the z-direction,

z' =Vycent (2.6)
Let t* denote the interval between the time when the cell enters the field of view and the

beginning of next laser scanning cycle. We can write:

P , t+t*
y' = remainder (W) “Vyscan (2.7)

where f is AOD scanning frequency; v, scqn is laser beam scanning speed in the y-

. . __laser scanning range
direction, and vy, scqn = W .

Using the relations in Egs. (2.6 and 2.7), we can represent the measured PMT signal S(t)

as S(y', z"). The 2D spatial Fourier transform on both sides of Eq. (2.5) becomes:

y2+22

S(fy. 1) = CF(OF (exp |- L] ) = DF(0exp |-

o?@m)(fF+£7)
@)

where D includes C and all other coefficients that produce no effect in our process of
finding the cell image O(y, z). For convenience, in the following we will omit all such

proportional constants and rewrite Eq. (2.8) as

o2(2m)? (f} +fz2)]
2

F(0) = S(fy. f)exp | (2.9)

For cells having their entire images within the field of view (i.e. non-truncated cell
images), the intensity at the boundary of and outside the field of view can all be set to be zero.

This means 0(y, z) = 0'(y, z), and as a result, F[0] = F[0']. Under this condition,
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f] (2.10)

101 = 5(fy. f,)exp |
Taking the 2D inverse Fourier transform of (2.10), we have:

o2 (2m2(F+12)

00,2) = I, - S(fy f)exp [ =522 - expljan(fyy + f1dfdf,  (211)

From Eqg. (2.11), we can construct the cell image, O(y, z), from the spatial Fourier
transform, S(fy,fz), of the measured PMT signal. This process can, in principle, yield cell
images with higher resolution than the spot size of Gaussian beam if the signal has a high S/N
ratio. However, the above method can be computationally intensive and is more suitable for off-
line processes. For the real-time process, we can reduce the computation complexity
considerably by approximating the point spread function of a Gaussian beam by a delta function,

psf(y—yz—2z)=46(y—y'z—2') (212)
Substituting Eq. (2.12) into Eq. (2.1) and using Egs. (2.6,2.7), we can directly relate the

PMT signal to the cell image:

S() =S5@"2)= ffﬂeld of view 0 2) " AS(y —y', 2z —2')dydz = A0(y',2") (2.13)

From Eq. (2.13), at each “t”, there exists a corresponding (y’, z") within the field of view
such that the magnitude S(t) corresponds to the transmission or fluorescent intensity of the cell
at position (y', z").

A comparison of images reconstructed from a Gaussian beam using Eqg. (2.11) and from a
delta function approximation using Eqg. (2.13) is shown in Fig. 2.2. We observe that for both
bead and cell images, the difference is insignificant. For real-time processing, the delta function
approximation offers a convenient approach although the image resolution is limited by the spot
size of Gaussian beam. Unless specially mentioned, we use the delta function approximation to

process cell images for image-guided sorting in this paper.
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Figure 2.2. (a) Fluorescent signal of a 15um bead. (b) Reconstructed bead image using delta
function approximation. Scale bar: 5um. (c) Reconstructed bead image using the true Gaussian
beam. Scale bar: 5um. (d) Fluorescent signal of a cell. | Reconstructed cell image using delta
function approximation. Scale bar: 5um. (f) Reconstructed cell image using the true Gaussian
beam. Scale bar: 5um. (g) Simulated PSF of the Gaussian beam within 30x30um? field of view.
Scale bar: 1um.

1.4.2 Digital Implementation of Image Reconstruction Algorithm

In a digital implementation with the “delta function approximate point-spread-function”,
our image construction process contains the following steps: I. conversion of the temporal
waveform of PMT into a 2D cell image, Il. Correction of the effect caused by a time delay
between the modulating voltage applied to the AOD and the corresponding laser beam spot,
which we call correction of “phase shift” below, and III. Correction of image contraction or

stretch due to the effect of cell travelling speed, which we call “image resizing” below.

I. Conversion of the temporal waveform of PMT output into a 2D cell image without cell speed
correction.
We use a periodic sawtooth waveform to modulate the AOD. Within each period, the

AOD scans the laser spot from one extreme position to another at a uniform speed along the
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channel width (y-axis), and then the laser spot returns quickly (in ~150ns) to the starting position
for the next scan. Each time the AOD scans the laser excitation beam spot in the y direction, the
resulting fluorescent or transmission signals recorded by the PMTs are registered to form a 1D
slice of the cell image along the y-direction. Since the cell is travelling in the z-direction during

laser scanning, the laser y-scanning actually produces a line scan of the cell image with a small

Vz.cell

angle (9~tan‘1(v—)). Due to the much faster laser beam scanning speed than the cell travel

y.scan
speed (e.g. 600cm/s for v, 54, and 20cm/s for v, ..;;), such effect is rather small and can be
neglected or easily corrected, if needed. Mathematically, each cell travelling through the optical
interrogation area will produce a series of image data registered as S#1(y;), S**(y,) ...,
S%(yn); S%2(y1),5%2(y3) oo, S%2(yn); . S*™M(y1), S M (y,) ....S*M(yy). The above data set
can be arranged into a MXN matrix, representing a 2D cell image in the y-z plane. The MxN
matrix defines the pixels of the image frame that is 30umx30um, in accordance with the physical
scanning range of the laser. The column number (N) is determined by the ratio of the A/D
sampling rate and AOD scanning frequency, and the row number (M) is determined by the
scanning range and cell speed. A higher ratio of the A/D converter sampling rate to the AOD
scanning rate and a slower cell traveling speed will yield smaller pixel size and thus higher pixel
resolution at the expense of throughput. In our experiment, we have used 25MHz A/D sampling
rate, 200KHz AOD scanning rate, and an average cell speed of 20 cm/s, giving rise to an
effective pixel size of 1 um (z-direction) by 0.24um (y-direction). To construct cell images from
the data stream, we first find the troughs and peaks of the voltage waveform that modulates the
AOD as they specify the beginning and ending times and the duration of each line scanning
cycle. We then stitch each 1D slice of PMT readout, S%i(y,), S%(y,) ... , S%(yy), to form an

MxN matrix, which gives rise to the raw image (Fig 2.3(a)).
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II. Correction of the “phase shift”.

Under DC bias condition, the laser beam spot matches the applied voltage to the AOD in
a fashion that the laser beam points to the leftmost position at the lowest AOD bias voltage.
However, when a sawtooth voltage waveform is applied, a time delay At develops between the
laser beam spot position and the voltage value due to the electric capacitance of the AOD and the
parasitic capacitance. To be discussed next, this time delay can cause a “phase shift” in the cell
image. To detect the time delay and the amount of phase shift, we choose a few z- (cell flow)
positions and plot the transmitted light intensity along the y- (laser scanning) direction. Due to
time delay, the intensity plot along the y-direction may not show a continuous profile but a
profile of two discrete regimes (Fig 2.3(b)). By shifting the left part of the profile to join the right
part to make a continuous intensity profile and to center the entire intensity profile within the
image frame, we can obtain the “phase-shift corrected image”. The same correction for the phase
shift is also applicable to the fluorescent signals and other scattering signals since they are all
produced by the same scanning laser beam and synchronized with each other.
I11. Correction of image distortion caused by cell speed variation

Even with hydrodynamic flow focusing, cells may not be at the same position in the
microfluidic channel due to the variation of cell size, stiffness, and other effects. In a laminar
flow where cell speed is determined by the cell position within the channel, the above effects can
produce appreciable speed variations among cells. As described previously, the process of cell
image construction converts a temporary signal (detected by PMTS) into a spatial signal
represented by an MxN matrix, and cell speed variation directly affects the value of M,
determined by the ratio of the laser scanning speed to the cell travel speed. Under a predefined

image frame with 30x30 pixels, the reconstructed cell image would be contracted for cells at
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greater than the average speed and elongated for those at lower than the average speed.
Therefore, to form the correct cell image, we need to measure the speed of each cell, which is

achieved by a static LED light source and a spatial mask described next.
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Figure 2.3. Corrections of “phase shift” effect and “cell velocity variation effect” in image
reconstruction process. (a) Temporal waveforms of AOD modulating voltage and PMT output.
t* denotes the interval between the time when the cell enters the field of view and the beginning
of next laser scanning cycle, which can cause “phase shift” for the reconstructed image. (b)
Correction of the time delay, t*, between the AOD modulating voltage and the corresponding
laser beam spot position. (1) reconstructed image before phase shift correction, (I1) reconstructed
image after phase shift correction, (111) integrated signal along the z-axis before phase shift
correction, (IV) integrated signal along the z-axis after phase shift correction. (c) Correction of
the cell velocity effect: histograms of measured diameter of 15um beads before (1) and after (1)
speed variation correction.

As shown in Fig 2.1. (b), the LED light passing the sample and the objective lenses is
reflected by the first dichroic mirror after the detection objective lens, and transmits through the

spatial mask before reaching the PMT. The transmitted LED light through the slit produces a dip
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in the light intensity each time a cell travels through the light path due to light scattering or
absorption. The two parallel slits on the spatial mask are 10um wide and 1mm long each, with a
center-to-center distance of 200um. By measuring the time interval between two dips, the
travelling speed of each individual cell can be calculated, and the measured cell speed can be
used to find the “true image frame” along the cell travel (z-) direction. As a result, image
distortion along the z-direction due to cell speed variations can be corrected.

2.  Experimental Results

2.1 System calibration

To characterize the performance of the image-guided cell sorter, we first imaged
suspended fluorescent (Dragon Green) polystyrene beads with a mean diameter of 0.96um
(Bangs Laboratories, FSDG004). As shown in Fig 2.4(a), the transmission and fluorescent
images of these beads allow us to characterize the optical resolution and sensitivity of the
system.

To demonstrate image-guided sorting capabilities, we first sort beads by their diameter.
The 1:1 mixture of polystyrene beads of two different diameters, 10um and 15um, are isolated
by the image-guided cell sorter. The example images generated by the system are shown in Fig
2.4(b), and the diameter histogram is shown in Fig 2.4(c). To verify the purity of the sorted
sample, the beads that are sorted by their diameter are subsequently imaged by a fluorescent
microscope; and the results based on 170 fluorescent microscope images indicate a sorting purity

of 97%.
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Figure 2.4. Image and histogram of polystyrene beads generated by the image-guided cell sorter.
(a) Example transmission images (first row) and fluorescent images (second row) of polystyrene
beads with 0.96um diameter. Scale bar: 2um (b) Example transmission images (first row) and
fluorescent images (second row) of polystyrene beads with 10um (first column) and 15um
(second column) diameter. Scale bar: 5um. (c) Histogram of bead diameter.

2.2 Sorting of Cells According to the Number of Bonded Beads

Specific cell-surface markers on immune cells or stem cells indicate their unique
properties or subpopulation, which may also indicate functional abnormalities [68]. To evaluate
the system’s capability of sorting cells based on the attachment of marker specific beads, we
have 1um diameter fluorescent beads, functionalized with carboxylic groups, randomly bonded
to the membrane of Human Embryonic Kidney (HEK-293T) cells and sort cells based on the

number of attached beads. To help visualization, the HEK-293T cells are stained with
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intracellular carboxyfluorescein dye (CFSE). The example cell images generated by the image-
guided cell sorter are shown in Fig 2.5(a). In the sorting experiment, only cells bonded with 3 or
more beads are collected. The number of beads attached to each cell is counted in real-time, and
the histogram is shown in Fig 2.5(b). The sorting purity was verified by examining 197

fluorescent microscope images of sorted cells, which confirms 96% sorting purity (i.e. 96% of

sorted cells contain 3 or more beads bonded to their surface).
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Figure 2.5. Images and histogram of HEK-293T cells bonded with 1um polystyrene beads. (a)
Example images generated by the image-guided cell sorter. First to fourth column: transmission,
green fluorescence, red fluorescence, and overlay images. Scale bar: 5um. (b) Histogram of bead
number counted by the image-guided cell sorter. (c) Example microscope images of sorted HEK-

293T cells bonded with 3 or more beads.

2.3 Sorting of EGFP-GR Plasmids Translocated HEK-293T Cells
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To maintain cell functions and activities, proteins must be transported from cytosol to the
correct destination [69]. The localization of specific proteins could be different between normal
cells and cancer cells, and abnormal protein translocation can cause cell dysfunction. For
example, in normal cells retinoblastoma (RB) tumor suppressor protein is localized in nucleus,
but an oncogenic mutation may alter the gene expression pathway and cause delocalization of
nuclear RB to cytoplasm [70]. Therefore, detecting and isolating cells according to the spatial
distribution of protein has biomedical significance. In the following we demonstrate cell sorting
based on the state of protein localization, which cannot be done by conventional FACS because
the integrated signal intensity from the labelled protein is not necessarily affected by protein
location. We use the image-guided cell sorter to detect and isolate EGFP-GR plasmids
translocated HEK-293T cells from un-translocated HEK-293T cells.

Two groups of HEK-293T cells are cultured under the same condition and transfected by
the same amount of EGFP-GR, which is localized in cytoplasm. One group of cells is treated
with dexamethasone that causes the migration of GR-GFP protein from cytoplasm to nucleus.
The 1:1 mixture of these two groups of cells is imaged and the translocated cells are sorted based
on the ratio between the GR-GFP protein distribution represented by the fluorescent area and the
total cell area from the transmission image. The translocated cells would have a smaller area
ratio than un-translocated cells, and the histogram of area ratio is shown in Fig 2.6(b). Same as
the previous experiment, the sorting purity is verified by fluorescent microscope images of the
sorted cells. We have obtained 100% sorting purity after examining the image of 130 sorted

cells.
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Figure 2.6. Images and histogram of GR-GFP t