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ABSTRACT

Here we describe a novel low-cost flow cytometer based on a webcam capable of low cell
number detection in large volume which may overcome the limitations of current flow
cytometry. Several key elements have been combined to yield both high throughput and high
sensitivity. The first element is a commercially available webcam capable of 187 frames per
second video capture at a resolution of 320x240 pixels. The second element in this design is a 1
W 450 nm laser module for area-excitation, which combined with the webcam allows for rapid
interrogation of a flow field. The final element is a 2D flow-cell which overcomes the flow
limitation of hydrodynamic focusing and allows for higher sample throughput in a wider flow
field. This cell allows for the linear velocity of target cells to be lower than in a conventional
“1D” hydrodynamic focusing flow-cells typically used in cytometry at similar volumetric flow
rates. It also allows cells to be imaged at the full frame rate of the webcam. Using this webcam-
based flow cytometer with wide-field imaging, it was confirmed that the detection of
fluorescently tagged 5 um polystyrene beads in “1D” hydrodynamic focusing flow-cells was not
practical for low cell number detection due to streaking from the motion of the beads, which did
not occur with the 2D flow-cell design. The sensitivity and throughput of this webcam-based
flow cytometer was then investigated using THP-1 human monocytes stained with SYTO-9
florescence dye in the 2D flow-cell. The flow cytometer was found to be capable of detecting
fluorescently tagged cells at concentrations as low as 1 cell/mL at flow rates of 500 uL/min in
buffer and in blood. The effectiveness of detection was concentration dependent: at 100 cells/ml
84% of the cells were detected compared to microscopy, 10 cells/ml 79% detected and 1cell/ml
59% of the cells were detected. With the blood samples spiked to 100 cells/ml, average
concentration for all samples was 91.4 cells/mL, with a 95% confidence interval of 86-97
cells/mL. These low cell concentrations and the large volume capabilities of the system may
overcome the limitations of current cytometry, and are applicable to rare cell (such as circulating
tumor cell) detection The simplicity and low cost of this device suggests that it may have a
potential use in developing point-of-care clinical flow cytometry for resource-poor settings

associated with global health.

Key words: mHealth, webcam, global health, cytometry, fluidics, fluorescence, low cell number

detection, rare cells
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1. INTRODUCTION

The main elements of flow cytometers are a fluidic system for carrying biological media and an
optical system for detecting them. Most current flow cytometers utilize microfluidic sheathing
and integration of optics through a technique known as “flow focusing”. The sheathing is used to
constrain the spatial location of cells or particle to a very narrow region so that cells can be
interrogated one at a time by the narrow field detector which is based on photomultipliers or
other narrow field detectors. Microflow cytometers typically used channels etched in glass or
silicon, while more recently polydimethylsiloxane (PDMS) and lithography technology have also
been employed to fabricate the fluidic channels quickly and inexpensively. In a recent device,
passive hydrodynamic focusing generated by chevron grooves imbedded on the walls of the

microchannel ! 2

enables the sheath fluid to completely surround the sample stream. However,
one limitation of the focused stream is a low flow rate due to the high hydrodynamic resistance
and pressure constraints of the cell, which ultimately limits the device to small volumes or long
analysis times, limiting the utility of the technology for analysis of low cell number in large
sample volume. In addition to the commonly used photomultipler based detection, full-field
imaging sensors can be used for detection combined with classical flow cytometry °
While conventional flow cytometry does not provide morphologic information of cells (other
than cell size), imaging-based cytometry can provide multispectral imagery related to the cell
morphology *. Such multispectral image cytometry has many cellular research applications

ranging from analysis of protein co-localization on cells ° to counting circulating tumor cells °.

However, such devices are expensive, complex and are mainly used for basic biological research.

Portable cytometers are being developed for a broad variety of point-of-use applications
especially for point-of-care (POC) clinical applications or environmental analysis. Because of
the inherent portability of full-field imaging sensors, either complementary metal-oxide-
semiconductor (CMOS) or charge-coupled device (CCD) cameras can be employed as relatively
simple, low cost, sensitive devices for optical detection over large areas, and have already been
employed in several array assays ' '°. Their main advantage is they can be used for analyzing

light from a large enough area that it can cover the entire surface of a lab-on-a-chip (LOC) or an
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array '™, This has made CMOS or CCD-based detectors an ideal choice for LOC multichannel

detection, since many sample channels can be analyzed simultaneously.

Portable cytometers have potential for POC clinical applications and for use in low and middle-
income countries. LOC fluidic technology provides a potential approach for developing POC

analytical tools in resource-poor settings'* '

. Recently, optofluidic fluorescent imaging
cytometry on a cell phone with a spatial resolution of ~2 pm was described '® 7. While very
mobile and versatile, the flow rate of this system is ~1 pL/min, which limits analysis to small
volumes. Mobile phones are used effectively for mobile POC devices '°2*, however the cameras
in these phones are often limited in their sampling rates (e.g., many phones are limited for 30
fps) and are less versatile with their optical systems (e.g., inability to change lenses) than devices

such as webcams.

The detection system described in this work is based on a fluorescence detector detecting
fluorescently labeled cells. Detection of fluorescently labeled cells is a widely used technology in
medical diagnostics. Cells with specific fluorescently tagged ligands can be labeled and detected
by fluorescence detectors at the appropriate wavelength. This technology forms the basis for

such popular techniques as FACS (Fluorescence-activated cell sorting).

Detection of fluorescently tagged cells in a device, such as the one described here, depends on
many factors including the fluorophore quantum yield, excitation photon flux, performance of
antibody labeling (i.e. number of fluorophores bound to each cell), and the exact optical
configuration of the detector. In previous work, we demonstrated that the fluorescence detector
used in this work is capable of sensitive detection of fluorescent signals '>* %, This work
describes a low-cost flow cytometer based on webcam imaging that is capable of large volume
analysis and low cell number detection which may overcome the limitations of current flow
cytometry. The device is suitable for low resource settings in global health applications,
providing both the high throughput and high sensitivity need for medical diagnostics. The flow
cytometer is realized through the combination of three elements: (a) a commercially available
low cost webcam for high speed imaging, (b) a commercially available laser module for area-

excitation, and (c) a 2D flow-cell that allows for high sample throughput at low velocities by
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using a wider flow field that overcomes the volume limitation associated with the
hydrodynamics of flow focusing. The sensitivity and throughput of this new cytometer are
investigated and quantified using fluorescently tagged THP-1 human monocytes stained with
SYTO-9 dye. The suitability of the webcam-based flow cytometer for low cell number detection
in large volume was also investigated without the 2D flow-cell in flow focusing mode to

compare with the wide-field mode.

2. MATERIALS and METHODS
2.1 Flow-cells fabrication
A flow focusing cell (Figure 1) was fabricated using an Epilog Legend CO, 65 W laser cutter

(Epilog, Golden, CO) using similar techniques described in our previous work '> 227 %-33 T

e
flow-cell consisted of three functional layers. The top layer consisted of a 3 mm thick clear
acrylic plate (75 x 25 mm) with laser machined inlet and outlet ports into which 18GA needles
were pressed and bonded to allow for sample injection and waste collection. The middle layer,
which defined the shape of the fluid flow, was laser machined from a single layer of 3M 9770
double-sided adhesive transfer tape (Piedmont Plastics, Beltsville, MD), resulting in a flow-cell
with width 0.2 mm, length 45 mm, and depth of approximately 0.075 mm. The bottom layer
consisted of a single glass microscope slide. The wide-field cell (Figure 2) was fabricated with
steps identical to those of the flow focusing cell, with the exception of the width of the middle

layer. The width of this channel was 4 mm. A Fusion100 syringe pump was used for flow rate

control (Chemyx, Stafford, TX).

2.2 Webcam-based cytometer platform

A Sony PlayStation® Eye webcam was used as the photodetector. A c-mount CCTV lens
(Pentax 12 mm {/1.2) was used to replace the stock webcam lens. For florescence detection, a
green emission filter with center wavelength 525 nm and bandwidth 50 nm (Chroma Technology
Corp., Rockingham, VT) was used for detecting fluorescent emission. For fluorescent excitation,
a 1 W 450 nm laser module was used (Hangzhou BrandNew Technology Co., Zhejiang, China).
The laser illuminates the flow-cell at an angle of approximately 45°. The flow cytometer
platform was constructed using 0.5 inch thick clear acrylic sheet and nylon rod (McMaster-Carr,

Robbinsville, NJ).
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2.3 Computer control and data analysis

The webcam sensor was connected to a 32-bit Windows-based laptop computer via a USB2 port.
Drivers and software allowing the webcam to be controlled on a personal computer were
developed and freely distributed by Code Laboratories, Inc. (Henderson, NV). The camera
control software (CL-Eye Test) was used to set camera parameters (exposure time, frame rate,
and gain) and to capture and save video in uncompressed AVI format. Video files were analyzed
using Imagel software (freely distributed by NIH, http://rsb.info.nih.gov/ij/download.htm), and

data analysis and plotting was carried out in Microsoft Excel (Redmond, WA).

2.4 Cell culture and staining

Fluorescently stained THP-1 human monocytes were used to demonstrate low cell number
detection. Cells were removed from an active culture, pelleted by centrifugation and resuspended
in PBS. 10 uLL SYTO-9 dye (5 mM stock concentration) was added to 1 mL of suspended cells
and allowed to rest at room temperature in the dark for 20 minutes. Cells were then pelleted and

washed three times with PBS to remove excess dye.

2.5  Low cell number preparation

The stock solution of cells after staining was diluted to a level of approximately 1 cell/uL
(measured by microscopy) to allow for manual counting. Cell concentration was measured by
placing 3 puL sample droplets on a microscope slide and counting cells in the droplet in real time
under laser excitation using the same imaging platform employed to image the flow-cells in these
experiments. This was repeated many (N > 20) times. An average cell concentration of 0.93
cells/uL with a standard deviation of 0.5 is an example of a typical result of these measurements.
From this relatively high concentration, lower concentration samples of 100, 10, and 1 cell/mL
were generated by single-step dilution. For each dilution, 107.5 pL of stock solution (with
measured concentration of 0.93 cells/uL) was diluted into a volume of buffer to yield the final
target concentration (1 mL, 10 mL, and 100 mL of buffer for concentrations of 100, 10 and 1
cell/mL, respectively). Based on a normal sampling distribution with standard deviation of 0.5

cells/uL, the 95% confidence range for each concentration was 90-110, 9-11, and 0.9-1.1
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cells/mL for concentrations of 100, 10 and 1 cell/mL, respectively. Pipetting volume error was

measured to be less than 1%.

2.6 Whole Blood Sample Preparation and Measurement

Human whole blood (single draw, O+) was purchased from BioChemed Services (Winchester,
VA). 3 mL samples of whole blood was diluted 10X in 25 mM HEPES buffer for a final volume
of 30 mL. THP-1 monocytes were removed from an active culture, pelleted and resuspended in
25 mM HEPES. 10 pL of 5 mM Syto-9 nucleic acid fluorescent stain (Life Technologies) was
added to 1 mL of THP-1 cells and allowed to rest at room temperature in the dark for 20 minutes
followed by pelleting, washing and resuspension to remove unbound dye. Cell concentration in
the stock solution was determined to be 4.3 cells/uL as described above. 23 pL of the stock cell
suspension was spiked into to each 30 mL diluted blood sample to yield a final concentration of
100 cells per mL of whole blood (i.e. 300 cells per 3 mL whole blood, which was diluted 10X to
30 mL). The 95% confidence level for the final concentration in each sample was 93-107

cells/mL based on 20 measurements of the stock cell suspension.

2.6 Calculated flow rate for flow focusing case

To determine the actual flow rates in the flow focusing case, individual video frames of cells
flowing through the focused stream were analyzed. Based on the known geometry of the flow-
cell (width X and depth Z), the measured width of the flow-cell in pixels (Xp), the measured
distance moved by single cells between frames in pixels (dy), and exposure time (¢zyp), average

flow rate (V) could be calculated:

X
X_deXZ

texp

V=

2.7 Low cell number counting

Cell dilutions were loaded into a 3 mL syringe and injected through the wide-field flow-cell at a
rate of 500 uL/min. This was the highest flow rate that resulted in cell images which were not
streaked when imaged at the maximum frame rate of the webcam sensor. Video of this flow was
saved and analyzed later in ImagelJ. The video files generated were typically around 10-15 GB in

size, and had to be opened and analyzed in several fragments. After being opened in Imagel,

-7 -

Page 8 of 26



Page 9 of 26

©CoO~NOUTA,WNPE

Analyst

each fragment of video was split into its three color channels (red, green, and blue). The
fluorescent dye used in this case had its emission peak in the green channel, so the red and blue

channels were discarded to reduce background noise.

3. RESULTS AND DISCUSSION

Current flow cytometry which is based on photomultipliers or other narrow field detectors relies
on flow focusing to constrain the spatial location of cells to a very narrow region. Hydrodynamic
flow focusing allows cells to be interrogated one at a time by the narrow field detector. There are
several advantages to a flow focusing design. Because the path of every cell is nearly identical,
the area over which laser excitation is needed is much smaller. This allows for a lower power
laser to be used if it is focused onto this small area, thereby reducing power requirements and
overall cost. Similarly, the narrow field detector can be focused to a point measurement. Such
detection schemes are used in commercial flow cytometers which use point detectors (typically

photomultiplier tubes), in this work we study the used imaging cytometry.

3.1 Imaging Flow Focusing Cytometry

The first iteration of our imaging flow cytometer platform was based on this approach, utilizing a
flow-cell with flow focusing and a webcam as detector. Figure 1-1 shows a schematic of the flow
focusing cell. In this cell configuration there are three fluidics inlets, a sample inlet (A) and two
sheath fluid inlets (B). The interrogation region for the webcam is shown at (C) and a waste
outlet at (D). The schematic (Figure 1-II) and a photograph (Figure 1-III) of actual flow focusing

effect using food dye for visualization shows narrow focusing (~30 pm in 150 um channel).

One of the main limitations of this focused flow-cell fabricated by lamination is the maximum
sample flow rate. We found that the maximum flow rate achievable was limited by the ability of
the flow-cell to withstand pressure. The hydrodynamic resistance from the Poiseuille flow
through a narrow channel of effective diameter, d, increases proportionally to //d”. In our flow-
cell, leaks developed around the chip interface ports at flow rates above 100 pL/min, and the

layers of the flow-cell began to delaminate.
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We tested the flow focusing cell for the detection of 5 um polystyrene beads, detected by a
regular 30 fps webcam, which is the same frame rate typically used in smartphones. Even with
low flow rate we were unable to image the beads due to image streaking and poor image quality.
So, a webcam with a faster frame rate was employed (Sony PlayStation® Eye webcam). For a
typical low cell number detection case, several milliliters of sample must be interrogated. For a
10 mL sample, a flow rate of 100 pL/min would result in a 100 minute analysis time. Even with
a flow rate of 100 pL/min in our flow focusing cell, using the maximum camera frame rate of the
webcam sensor we employed (187 fps) was not sufficient to capture all of the passing cells. A
reduced flow rate of 10 uL/min was required because of the camera limitation (Figure 1-IV and
1-V). Even with this flow rate (which will requires 16.7 hours for 10 mL analysis) beads
streaking caused by the movement of the beads in the 1/187 second was observed (Figure 1-IV
and 1-V) suggesting that flow focusing combined with webcam detection is not practical for low
cell number in large volume detection. It is for this reason that a non-focusing wide-field flow-

cell was developed.

3.2 Webcam-based flow cytometer with wide-field imaging for high throughput low cell
number in large volume detection

A wide-field flow-cell was developed in order to overcome the image streaking problems of flow

focusing, to utilize the inherent wide-field imaging capability of the webcam, and to reduce the

analysis time for low cell number detection.

As shown in Figure 2-A, the flow cytometer consists of four modules: a webcam sensing
element, a laser excitation source, a flow-cell, and a focusing stage to hold each module in
alignment and enable focusing. The sensing element consists of the internal elements of a
webcam, a 12 mm f/1.2 CCTV lens, a green emission filter, and a computer to collect and
analyze data. The excitation source is a 1W 450 nm laser module. The sample handling module

consists of a flow-cell and a programmable syringe pump.

The flow-cell (Figure 2-B) consists of a 4 mm wide channel through which sample is injected via
an inlet and collected at the outlet. For large volume analysis, the maximum flow rate achievable

through this cell is 10 mL/min. However, the flow rate in experiments presented in this paper
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was limited to 500 pL./min due to the maximum frame rate achievable by the webcam employed
for sensing. This was done to eliminate cell image streaking. For very low cell number detection

this requirement could be relaxed to allow for higher flow rates at the expense of flow resolution.

A challenge inherent in fluorescent imaging of a wide-field flow-cell is the excitation source. In
this case, a I W consumer laser was used to project an elliptical spot which covered the width of
the flow-cell. A laser such as this is fairly expensive (~$300) for a device designed for use in a
low-resource setting. To reduce the cost of the laser, a lower power laser with line generator
optics could be used to further focus the laser spot. This could allow the critical parameter of

photon flux to remain unchanged while reducing overall power.

A Sony PlayStation® Eye webcam was used as the photodetector in this platform by converting
the webcam to a microscope. The device was disassembled and the main circuit board (with
attached image sensor and USB cable) was removed. The circuit board was incorporated directly
into the flow cytometer platform, and a C-mount CCTV lens (Pentax 12 mm {/1.2) was used to
replace the stock webcam lens in a distance of approximately 20 mm from the CMOS. This
distance allowed the lens to focus at very close range. The flow cytometer platform, depicted in
Figure 2-A, consists of a stationary platform and a moveable stage for focusing. The webcam
circuitry and optics were attached to the stationary platform while the flow-cell was attached to

the translating stage.

A single video frame of THP-1’s stained with SYTO-9 dye in wide-field flow-cell at a flow rate
of 500 pL/min is shown in Figure 3-A. The flow-cell geometry and fluorescent detection optics
allow for a high signal to noise ratio for easy detection of these cells (Figure 3-B). Compared to a
single video frame from flow-focused cell flowing at 1 uL/min (Figure 2-C and 3-D), this
suggests that the wide-field cytometer has potential for large volume, high throughput low cell

number analysis.

3.3 Wide-field Cytometer Optimization

-10 -
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In order to optimize the performance of a wide-field flow-cell, the volumetric flow rate should be
set in accordance with the photodetector characteristics (frame rate, exposure time, and pixel
array size). First, the sampling frequency (frame rate) must be determined such that no target
cells are able to pass through the sensor field of view (FOV) without being imaged. The
residence time (¢z) of a single cell in the imaged FOV is given by
Vimage

|4

where Vipage 15 the volume of fluid visible in the FOV and V is the average volumetric flow rate.

R:

The maximum frequency with which cells pass through the FOV is then

1
f—tR

For the flow to be fully sampled, the sampling rate must be at least twice this value (2f). This sets
the lower bound of frame rate for the video sensor. The next variable which must be set is the
exposure time (tgxp), which has a maximum of #z/2. The image streak length (SL) of a single
cell is equal to

L
SL = tgxp—
tr

where Lp is the length of the flow channel in pixels in the FOV. To minimize streaking without
reducing imaged cell intensity, exposure time was set to the time it takes a cell to traverse a

single pixel:

tr
toxp = —
Bxp =

Because of the approximate Poiseuille flow field present in a flow-cell such as this, cells in the
center of the flow will travel at a velocity higher than that expected for the average flow rate (as
much as twice the average flow velocity). Settings for frame rates and exposure times may need

to be increased in order to compensate for this.

3.4  High throughput Cytometer Performance
To analyze the performance of the wide-field cytometer, human monocytes stained with SYTO-9
dye were analyzed. Figure 4 shows the analysis of a video clip where a single cell moves

through the laser spot. Figure 4-A shows a schematic of the primary elements in each video

-11 -
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frame: the flow channel, the laser spot, and the direction of flow. Figure 4-B shows the green
channel of a single video frame where no fluorescent cells are present, and Figure 4-C shows a
single frame where a single cell (circled) can be seen moving through the flow-cell. In this
example, a video clip containing 2,000 frames (10.7 seconds of video) showed a single cell
passing through the flow-cell. In order to quickly find a rare event such as this without manually
scanning each frame, an image stacking approach was used. The median value and the maximum
value of each pixel in the stack of 2,000 frames was calculated. The median image is shown in
Figure 4-D, and the maximum image is shown in Figure 4-E with the cell position in each frame
marked with an arrow. The median image represents the typical background signal, while the
maximum image represents the highest signal recorded at each pixel during the video. In the
maximum image, the path taken by a single fluorescent cell can be clearly seen. In order to aide
in distinguishing the cell images from background signal, the median image was subtracted from
the maximum image to produce Figure 4-F which allows for improved visualization of cell
movement. This method of combining multiple video frames was useable for concentrations of
cells up to 100 cells/mL. At higher concentrations, the overlap of cell images made it difficult to

uniquely identify single cells.

3.5 Counting efficiency for low cell number of the flow cytometer platform

To determine the counting efficiency of this flow cytometer platform the number of cells counted
in a particular sample was compared to the number of cells expected. The expected number of
cells was determined as described in section 2.5. Figure 5 compares these two values with their
respective error margins at concentrations of 100, 10, and 1 cells/mL. The average cell
concentrations measured by the flow cytometer at these three respective stock concentrations
were 84, 7.9 and 0.56 cells/mL. This suggests that counting efficiency decreased with decreasing
concentration. The primary factor which probably contributed to the decreasing counting
efficiency at lower concentrations is the performance of the dye. The dye, designed for bacterial
staining, was noted to diffuse out of cells over time. The increased time required to prepare and
analyze the lower dilutions resulted in the fluorescent signal of some cells to be substantially
reduced. Below a certain level these cell images were indistinguishable from noise, and were
thus considered to be below the detection threshold of the optical system. The increasing

standard deviation evident in lower dilutions is likely due to stochastic variation which

-12 -
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causes measurements of cell numbers to fluctuate with greater relative magnitude as the number
of cells decreases. Such stochastic variation is clearly shown by the error bars of the

measurement of | cell/ml in figure 5. More suitable dyes are currently being investigated.

3.6  Counting of labeled THP-1 human monocytes in blood

To determine the counting efficiency of SYTO-9 labeled cells in blood, labeled cells were spiked
in blood at a concentration of ~100 cells/mL When analyzing white blood cells, frequently the
red blood cells (RBC) are lysed (to avoid interference and to prevent laser absorption) either with
ammonium chloride or various commercial whole blood lysing solutions. To avoid the RBC
lysis step, we simply diluted the blood by 10X in HEPES buffer, which simplified our protocol

while minimizing laser absorption by RBC.

Twenty-two samples of 10X diluted whole blood (3 mL each) spiked to a target concentration of
100 cells/mL (95% CL 93-107 cells/mL) were processed through the wide-field flow cytometer
(i.e. 6.6 mL whole blood). Samples were processed through the flow cytometer at a flow rate of
500 pL/min (i.e. a throughput rate of whole blood equal to 50 ul/min). A single image frame is
shown in Figure 6-A showing two cells passing through the field of view. The number of
fluorescently labeled cells in each sample were counted, and the concentration of cells was
calculated. A plot of measured cell concentrations for all twenty-two samples is shown in Figure
6-B. Each data point indicates the number of samples that were found to be within a particular
range of concentrations. The average concentration for all samples was determined to be 91.4
cells/mL, with a 95% confidence interval of 86-97 cells/mL. Thus, it appears that the technique
provides a reasonably accurate detection of the actual concentration of 100 cells/mL with a
tendency towards undercounting the actual concentration by approximately 10%. The results
shown in Figure 6-B are similar to those presented in Figure 5 for the data point representing 100
cells/mL. The measured cell concentration in whole blood was 9% less than the calculated
expected concentration, but those two values are not significantly different due to the error
margins involved. For the data collected in buffer, measured concentration and expected

concentration were also not significantly different at the concentration of 100 cells/mL. This

-13 -
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indicates that when whole blood samples are prepared as described here (i.e. diluted 10X), the
counting accuracy of the system is accurately represented by experiments conducted in buffer

(Figure 5) which enable the detection of ~1cell/ml.

4. CONCLUSIONS
A new simple low-cost flow cytometer based on webcam imaging has been developed that is

capable of both high throughput and high sensitivity.

The detection system in this work is based on developing a fluorescence detector for labeled
cells. Detection of fluorescently labeled cells is a general method in medical diagnostics. Any
cell can be labeled with a cell type-specific fluorescently tagged ligand, and then detected with
the fluorescence detector. In previous work, we demonstrated that the fluorescence detector used
in this work is capable of sensitive detection of fluorescent signals '**>*. Therefore, this may be

a method that can be applied to other fluorescently labeled cells at low cell concentrations.

The flow cytometer was found to be capable of detecting fluorescently tagged cells at
concentrations as low as 1 cell/mL at a flow rate of 500 uL/min. These low cell concentrations
and the high volume are applicable to rare cell detection such as circulating tumor cell (CTC)
analysis. The flow cytometer was realized through the combination of: (1) a webcam capable of
187 frames per second video capture, (2) a 1 W laser module for area-excitation, and (3) a 2D
flow-cell that allows for high sample throughput in a wide flow field. This enabled rapid
interrogation of the flow field using a linear velocity of target cells that was lower than in the
conventional 1D flow-cells typically used in flow cytometry. While mobile phones are
commonly used for mobile POC imaging devices, the high flow rate associated with the higher
throughput needed for rare cell detection using the new flow cytometer required very high frame
rates to avoid streaking and improve image quality. Therefore, a webcam was employed because

of its suitable frame rate and low cost (e.g. $30).

The sensitivity and throughput of this webcam-based flow cytometer with wide-field imaging
was then investigated using THP-1 human monocytes stained with SYTO-9 dye in the 2D flow-
cell was analyzed in blood and in buffer. For blood spiked to 100 cells/ml, average concentration

for all samples was 91.4 cells/mL, with a 95% confidence interval of 86-97 cells/mL.

-14 -
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Measurements were made at concentrations of 100, 10, and 1 cells/mL, and compared with
manual counting in a microscope. The average counting efficiency at these three concentrations
was found to be 84%, 79% and 56%, respectively. The lower counting efficiency at the lowest
concentrations is probably because of the dye diffusion, so the cells are more difficult to identify
and distinguish from noise, for such cells the signal may be below the detection threshold of the
optical system. The results of counting fluorescently labeled THP-1 monocytes spiked into
whole blood and the distribution of cell counts from 22 samples suggest that counting accuracy

in blood is accurately represented by experiments conducted in buffer.

These efficiencies are suitable for rare cell detection, though there is room for improvement at
very low concentration. The simplicity and the low cost of the webcam flow cytometer suggests
that this configuration may have the potential for developing POC clinical flow cytometry for

resource-poor settings associated with global health.

FIGURE LEGENDS

Figure 1 — Webcam-based flow focusing cytometry. (I) A schematic of the flow focusing cell
shown with key structures: A) sample inlet, B) sheath fluid inlets, C) interrogation region, D)
waste outlet. (II) A schematic of the flow focusing interrogation region with features labeled E)
focused sample stream (food dye used for visualization), F) sheath fluid, G) channel boundary.
(IIT) A photograph of flow focusing. (IV) An image of flow-focused 5 um polystyrene beads, (V)

3D representation of image signal from IV.

Figure 2 — Schematic of webcam-based wide-field flow cytometer — (A) The wide-field flow
cytometer consists of four modules: a sensing element, excitation source, flow-cell, and a stage
to hold each module in alignment. The sensing element consists of the internal elements of a
webcam, a 12 mm {/1.2 CCTV lens, a green emission filter, and a computer to collect and
analyze data. The excitation source is a 450 nm 1W laser module. The sample handling module
consists of a flow-cell and a programmable syringe pump. (B) A schematic of the wide-field

flow-cell with key elements labeled.
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Figure 3 A comparison between webcam-based wide-field flow cytometer and webcam-
based flow focusing cytometry A) single video frame of THP-1 human monocytes labeled with
SYTO-9 in wide-field flow-cell at 500 uL/min, B) 3D visualization of A, C) single video frame
of polystyrene beads in flow-focused cell at 1 pL/min, D) 3D visualization of C.

Figure 4 — Analysis of a single cell using webcam-based wide-field flow cytometry (single
cell moving through laser spot). (A) Schematic of webcam field of view showing flow channel,
elliptical laser illumination spot and flow direction, (B) single raw video frame showing no
fluorescent THP-1’s present, (C) single frame showing one THP-1 cell labeled with SYTO-9,
(D) median pixel value from 2000 frames showing average background autofluorescence from
flow-cell, (E) maximum pixel value from 2000 video frames showing a single cell moving
through the laser spot (marked with arrows), (F) result of subtracting image D from image E,

allowing for improved visualization of cell movement and faint cell images.

Figure 5 — Webcam-based wide-field flow cytometer counting efficiency. Results of three
concentrations of human monocytes labeled with SYTO-9 counted manually (light grey fill) and
using the webcam-based flow cytometer (dark grey fill). Error bars represent standard error for
each data set. Manual counting was performed at a higher stock concentration (1000 cells/mL)

and the results for each target concentration were calculated.

Figure 6 — Counting fluorescently labeled THP-1 monocytes spiked into whole blood.
SYTO-9 Labeled THP-1 monocytes were labeled and spiked into whole blood to a target
concentration of 100 cells/mL (95% CL 93-107 cells/mL). The blood samples were diluted 10X
in HEPES buffer to prevent laser absorption by red blood, and counted with webcam-based
wide-field flow cytometer. (A) typical image frame from the flow cytometer capable of detecting
multiple cells in the field (two circled). (B) A histogram of measured cell concentration of 22
samples counted using the flow cytometer, which indicated a Poisson’s distribution (dotted line)

for the measurements with an average of 91.4 cells/mL (95% CL 86-97 cells/mL).
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