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ABSTRACT

Bacteria entering the bloodstream causes bloodstream
infection (BSI). Without proper treatment, BSI can lead
to sepsis which is a life-threatening condition. Detection
of bacteria in blood at the early stages of BSI can
effectively prevent the development of sepsis. Using
microfluidic droplets for single bacterium encapsulation
provides single-digit bacterial detection sensitivity. In
this study, samples of ampicillin-resistant E. coli in
human blood were partitioned into millions of 30 um
diameter microfluidic droplets and followed by 8-hour
culturing. Thousands of fluorescent bacteria from a
single colony filled up the positive droplets after the
culturing process. A circle detection software based on
Hough Transform was developed to count the number
of positive droplets from fluorescence images. The
period to process one image can be as short as 0.5 ms
when the original image is pre-processed and binarized
by the developed software.
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1. INTRODUCTION

Single-cell screening and sorting have benefited from
the unique liquid handling capabilities of microfluidic
droplets. Microfluidic droplets in the forms of fine
aerosol or an emulsion can be produced by flow
focusing technology [1-3]. Producing massive droplets
in the form of an emulsion is achievable; however,
enumerating the positive droplets in the emulsion within
an acceptable turnaround time is challenging. A
traditional flow cytometer uses a single photodetector to
receive and process one-dimensional (1D) fluorescence
emission spikes from the sample [4]. The 1D
fluorescence spikes read by the photodetector may come
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from other fluorescent particles and debris in the
channel instead of positive droplets, which causes false-
positives [5]. Multiple detectors can be used at the same
time in an integrated setup, but the addition of more
signal lines limits the bandwidth of the communication
ports from the flow cytometer and the computer, which
in turn slows down the screening process. Therefore,
there is a high demand for rapid and accurate screening
techniques to enumerate positive droplets from the
emulsion [6-8].

In this study, we use a 2D high-speed image
processing technique to count positive droplets from an
emulsion to avoid false-positive reports in traditional
flow cytometers. We tested the image processing
software using static fluorescence microscope images
which can be applied to the batch processing of
thousands of video frames from a high-speed camera.
Single bacterium encapsulation was completed by a
high-throughput PDMS microfluidic device and
followed by 8-hour culturing at 37 °C [9]. The
fluorescence dye penetrated the membrane of the
bacteria in droplets, bound to the DNA inside bacteria,
and lit up the bacteria. After 8 hours, positive droplets
emitted strong fluorescence with thousands of
fluorescent bacteria being confined within the positive
droplets. A high-speed image processing software batch
processed all the 2D images and reported the count of
the positive droplets which indicated the count of
bacteria in the original sample.

2. MATERIALS AND METHODS
2.1. Microfluidic chip fabrication

The microfluidic chips were fabricated from a silicon
wafer mold. Undoped 100 mm silicon wafers
(University Wafer Inc.) were used as the substrate for



the SU-8 (negative photoresist, Micro Chem Corp.)
patterns. SU-8 2050 was spin-coated onto the silicon
wafer substrate at 2000 rpm for 30 seconds, followed by
10 minutes of soft-bake at 65 °C and a 1-hour hard-bake
at 95 °C. The photomask was printed by Photronics Inc
at the 25,000 dpi resolution. After UV exposure, the
wafer was baked for 10 minutes at 65 °C followed by a
1-hour hard bake at 95 °C. Wafers were then developed
in the SU-8 developer (Micro Chem) for 1-3 minutes
before being cleaned by both SU-8 developer spray and
by the IPA (isopropanol). The cured SU-8 and its
substrate were hard-baked at 180 °C to finalize the
patterning. The microfluidic chip was made using the
SYLGARD silicone elastomer kit with a 10:1 base to
catalyst ratio. The PDMS mixture was degassed in a
desiccator for 20 min and cured on a hot plate for 10 min
at 85 °C. The cured PDMS chip was peeled off from the
wafer mold and bound to plasma-treated glass slides.
The plasma treatment on both the PDMS side and the
glass side effectively removed the hydrocarbon groups
and allowed strong Si — O — Si covalent bonds to form
between the two materials via the process.

2.2. Single bacterium encapsulation and droplet
bacteria culture

Ampicillin-resistant £. coli (clinical isolates from Dr.
Ellena Peterson’s group at the Department of Pathology
and Laboratory at UC-Irvine) in LB liquid culture were
mixed with human blood samples from healthy donors
at the Department of Pharmaceutical Science of the
University of California, Irvine (with approved IRB
(UCI HS# 2012-9023)). The bacteria culture,
fluorescence dye (SYBR Green I), human blood, and
buffer were mixed at a ratio to form a 10 ml sample with
280,000 bacteria and 10% blood. The sample
preparation was followed by droplet generation carried
out by microfluidic devices. SYBR Green I is a
traditional fluorescence dye that binds double-stranded
DNA molecules. It is used for quantitative PCR because
the fluorescence intensity is correlated with the amount
of DNA after every amplification cycle. In this study,
the DNA inside bacteria was stained by allowing the
SYBR Green I molecules to migrate through the
membrane while the bacteria were still alive. The
experimental procedure for microfluidic single
bacterium culture and analysis can be found in Fig. 1.

Droplets were imaged before the culturing step to
ensure the absence of any fluorescence signals. Droplets
were cultured at 37 °C for 8 hours before being imaged
under a fluorescence microscope. Static images were
taken for further image processing and counting.
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Fig. 1 The experimental procedure for microfluidic
single bacterium culture and analysis.

2.3. Image processing and counting (Hough Circle
Transform)

This pilot study uses static fluorescence images to
simulate the image frames from a high-speed camera
which will be used for future study. The image
processing software developed in this study is based on
the Hough Circle Transform library in OpenCV2
(Python 3.8).

The image was imported and immediately
converted into grayscale and then smoothed by a median
filter using the ‘cv2.mideianBlur()’ function in Python.
The Hough Circle Transform was executed to detect the
positive droplets in an image. The ‘Image’ class in the
PIL library in Python was used to resize the image
proportionally. The ‘cv2.threshold()’ function was used
to convert the RGB image into a binary image. The
Python script was executed in Spyder, Anaconda.

3. RESULTS
3.1. Droplet culture and time-course imaging

Ampicillin-resistant E. coli were cultured in droplets
with 10% sodium-citrate human blood, 1 x SYBR Green
I, 10 mM Tris (pH 8.0), 90% Terrific Broth, and
Ampicillin. Time-course imaging of the droplet bacteria
culture was conducted (Fig. 2). The small fluorescence



dots in all the images are white blood cells with their
DNA stained by SYBR Green I (Fig. 2 and Fig. 4).

Differences between negative and positive droplets
can be observed at the 5" hour but the signal to
background ratio was low. The fluorescence signal of
positive droplets saturated at the 8" hour. No significant
differences were observed after the 8" hour.

(a).(b).

0 Hour 5 Hour
(c). (d).
8 Hour 15 Hour

Fig. 2 Time-course imaging of the droplet bacteria
culture. Images from Time O to Time 15 hours were
presented. The fluorescence signal was saturated in the
8" hour. Scale bar: 60 pm.

Coagulation of the red blood cells (RBCs) in
droplets is the main reason for the uneven fluorescence
signal inside each positive droplet. We use 0.1%
Saponin mixed with the bacteria culture before the
droplet encapsulation. RBCs were lysed instantly once
they are exposed to Saponin (Fig. 3).

10% Blood in Droplets 10% Blood + 0.1% Saponin

Fig. 3. Red blood cells (RBCs) in droplets in (a) were
lysed instantly once they are exposed to Saponin in
droplets (b). Scale bar: 60 pm.
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3.2 Pre-process the microscope images

The fluorescence images were saved as ‘.jpg’ images
and then compressed into a smaller size (339 x 326
pixels in this experiment) for further processing.
Negative droplets have background fluorescence which
may be reported as positive droplets by the software (Fig.
4a).

-

(@) (b)
(1) A brighter positive droplet (2) A dimmer positive droplet (3) A negative

droplet (4) A stained white blood cell

Fig. 4 (a) A 339 pixels x 326 pixels image of positive
and negative droplets under a fluorescence microscope.
(b) A 339 pixels x 326 pixels binary image converted
from the RGB image in (a). (c) The circle detection
software developed in this study detected the positive
droplets and labeled them using purple circles. Scale bar:
60 pm.

The RGB images were converted into low-
resolution binary images for the circle detection and the
computation time was significantly reduced. The
fluorescent images showed the positive droplets which
encapsulated a single bacterium at time 0 were filled
with bacteria stained by Sybr Green I after culturing. Not
all the droplets showed the same fluorescence intensity,
but all the positive droplets are distinguishable from the
negative (background) droplets.

Images with different formats and resolutions were
tested in the same software (Fig. 5). Images smaller than
50 x 48 pixels showed missing circles. No significant
differences between the 100 x 96 and the 50 x 48 images
which are probably due to the bottle-neck of the time
spent on Hough Transform. The pre-processing and
compression can reduce the computation time spent on
each image to less than 500 ps (Fig. Se).

The static fluorescence images used in this study are
taken from a microscope. A high-speed camera (Photron
MiniUX 32 GB high-speed camera (>5000 fps)) will be
used to take video streams of the microfluidic droplet
flow while sending on-chip data from the camera to the
computer in future studies. The strategy is to schedule
half of the on-chip memory in the camera for recording
and the other half of the memory for data transmitting to
achieve the high-throughput and long-term video stream
recording and transmitting. The Photron MiniUX 32



high-speed camera provides the programmable ports for
this future work. The software developed in this study
will be used for massive image processing with frames
from a high-speed camera.
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Fig. 5 (a-d) Images were pre-processed and compressed
before being executed by the circle detection software.
(e) Comparison of the computation time among images
with different formats (RBG/binary) and resolutions.

4. DISCUSSION

This is a proof-of-concept study on image processing
software aiming for rapid bacteria detection from a large
volume of droplet emulsion. This software can be
transplanted to a batch processing workstation to
process massive frames from a high-speed camera to
enumerate bacteria in patient blood samples.
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