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ABSTRACT

Malaria is a mosquito-borne disease caused by Plasmodium parasites, predominately in resource-
limiting areas. With the significant progress in malaria controls during the past decade, WHO
endorsed the ambitious goal of achieving malaria elimination. Since low-level malaria infection is
highly distributed in the elimination-phase countries, the elimination strategy involves (1)
identification of asymptomatic carriers to reduce the parasite reservoir and (2) interruption of the

malaria transmission vector.

The work presents the microfluidic tools that facilitate point-of-care nucleic acid testing (NAT) and
cell mechanotyping (i.e., label-free cell deformability sensor and deformability-activated cell
sorting) towards the malaria elimination. While point-of-care NAT opens up extensive remote
diagnostic opportunities in resource-limited regions, cell mechanotyping can be used to explore the

underlying mechanism of the transmission vector.

The thesis will describe the single- and quad-plex point-of-care NAT systems, which deliver highly
sensitive molecular answers within 40 minutes from raw whole blood samples. Scalable parasite
DNA sample preparation and subsequent real-time loop-mediate isothermal amplification (LAMP)
were seamlessly integrated on a single microfluidic reagent compact disc. The combination of the
sensitivity, specificity, cost, and scalable sample preparation suggests effective and accurate

malaria screening in the field.

To provide tools for a microfluidic cell mechanotyping study, we developed a constriction-based
cell deformability sensor. Cell deformability is an excellent label-free biomarker for cell
abnormalities. The sensor indirectly measures the cell deformability by probing the transit time

during cell translocation events at micro-constriction. We successfully evaluated the sensor



iv
performance by achieving the high-throughput parasitemia measurement and parasite stage
determination and demonstrated cell deformability is an excellent label-free biomarker for malaria
infection. Using this biophysical marker, we demonstrated a single-cell-resolved, cytometry-like
deformability-activated cell sorting in the continuous flow to enrich the gametocytes from the crude
blood samples. Finally, we demonstrated the constriction-based multichannel resistive pulse
sensor, integrated with time-division multiplexing accessing (TDMA) methodology to further
improve deformability measurement and deformability-activated sorting throughput with

maintaining the scalability.

We envision that point-of-care NAT and microfluidic cell mechanotyping devices will provide
early and accurate malaria screening in the field and in-depth of understanding of overall malaria

pathophysiology and underlying mechanism of the malaria transmission vector.
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Chapter 1 Introduction and Overview

1.1. Background

Malaria is a mosquito-borne disease caused by Plasmodium parasites, predominately in resource-
limiting areas of low- and middle-income countries. According to the World Health Organization
(WHO), there were 216 million new cases, and 445,000 deaths in 2016 and approximately 2.7
billion people remain at risk globally, with most of the disease burden falling on resource-
constrained countries in Africa and sub-Saharan Africa [20]. Among five parasite species, P.
falciparum (Pf) and P. vivax (Pv) pose the greatest threat to the human. Pf is the most prevalent
malaria parasite on the African continent. Pv is the dominant malaria parasite in most countries
outside of sub-Saharan Africa. Increased malaria control efforts have resulted in a dramatic
reduction (40%) in the global malaria incidence over the past decade [20]. The WHO thus endorsed

the ambitious goal of achieving worldwide malaria elimination and eradication [20].

Malaria is caused by the infection of protozoan parasites of the Plasmodium species. During the
malaria life cycle, parasites invade red blood cells (RBCs) and undergo asexual replication. This
proliferation phase leads to a significant fraction of infected RBCs, which is the primary cause of
the pathology of malaria. Therefore, accurate and timely diagnosis and antimalarial treatment can
deter parasite growth and proliferation. After the asexual stage, only a small percentage of parasites
undergo sexual conversion to form gametocytes. Therefore, the detection of circulating
gametocytes in the bloodstream is quite challenging [21]. Although gametocytes do not cause any

clinical symptoms, they are responsible for malaria transmission to the mosquito [22, 23].
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Consequently, the restriction of gametocyte maturation provides unique opportunities for malaria

intervention [23].

The low-level malaria infection is highly distributed in the malaria elimination-phase countries
(low prevalence setting) [20, 21]; thus, the malaria elimination strategy involves (1) identification
and treatment of asymptomatic carriers to reduce the parasite reservoir and (2) interruption of the
malaria transmission. To this end, the effectiveness of elimination strategies highly depends on
low-cost access to sensitive and specific malaria screening tests. More specifically, diagnostic
devices require detection limit lower than 2 parasites/pl for identifying asymptomatic carriers and
sexual stage gametocytes [20, 21]. However, current field-deployable technologies are limited to
achieve this level of sensitivity [24-26]. Besides, the underlying mechanism of the transmission

vector is unclear yet due to the rarity of gametocytes in the bloodstream [21, 23].

This thesis mainly focuses on microfluidic technologies that can resolve the aforementioned unmet
requirements and expedite the global efforts towards malaria elimination. The main contribution of

this thesis is as follows.

First, we provide a point-of-care nucleic acid testing (NAT) device to bring highly sensitive malaria
diagnosis to the field. While NAT has been extensively used for identifying low-level infection, it
is often inaccessible in remote settings due to the complicated steps of the nucleic acid sample
process. To bring the nucleic acid testing to the field, we integrated an energy-efficient magnetic
interaction-based streamlined sample process on a lab-on-a-disc platform. Unprecedently
integrated system has attributes of excellent sensitivity, specificity, cost, and scalability, suggesting

a useful and accurate detection of asymptomatic carriers in the field.

Second, we offer microfluidic cell mechanotyping tools (i.e., cell deformability sensor, and

deformability-activated cell sorting), which enable careful study on the pathophysiology of
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malaria-infected red blood cells. We demonstrated that the cell deformability could be used as a
potential label-free biomarker to probe cell abnormalities and infection status. The transit time-
based cell deformability measurement facilitates rapid parasitemia analysis and parasite stage
determination. We also demonstrated the single-cell-resolved, cytometry-like deformability-
activated sorting (DACS) in the continuous flow to enrich the cells of a particular deformability
property from a heterogeneous sample. We envision that the DACS device will allow enriching
gametocytes based on their mechanical biomarker. Furthermore, it will promote biologists to

understand the underlying mechanism of the malaria transmission vector.

1.2.  Overview of work presented

The first part of the thesis (Chapter 2 and Chapter 3) discusses the efforts to develop a fully
integrated "sample-to-answer" mobile NAT platform for highly sensitive and specific malaria
diagnosis in the field. Chapter 2 describes the initial version of the NAT platform as a proof-of-
concept. The novel strategy for the streamlined sample process, including nucleic acid extraction,
purification, amplification, and real-time fluorescence detection is discussed. It is demonstrated
that the system has a superior detection limit with whole blood samples. This is promising for
identifying asymptomatic carriers in the field. Chapter 3 describes the 4-plex NAT device that can
perform species-specific tests in parallel. The system is particularly useful for tracking malaria
transmission profile and their species. The second part of the work (Chapter 4 to Chapter 6)
discusses the efforts to provide microfluidic cell mechanotyping tools to explore the underlying
mechanism of malaria diseases and progression. Chapter 4 presents a rapid and label-free
microfluidic cell deformability sensor. The device uses cell deformability as a promising label-free
biomarker to quantify parasitemia and to differentiate the parasite development stage in the

bloodstream. Chapter 5 describes the "first-of-its-kind" microfluidic Deformability-Activated Cell
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Sorting (DACS) device to collect the cells of interest based on their biophysical properties. One of
the grand challenges of a constriction-based cell deformability sensor is channel clogging. Besides,
we have explored that speed of cell deformability characterization is a rate-limiting factor for the
high-throughput deformability-activated cell sorting. Chapter 6 presents a novel scalable Time-
Division Multiplexing Accessing (TDMA) microfluidic deformability sensor array as a solution to
address the rate-limiting factor for high-throughput deformability-activated cell sorting. Finally,
Chapter 7 offers conclusions based on the work presented in the preceding chapters and

perspectives for future development.



Chapter 2 Singleplex Highly Sensitive and Field-deployable
Malaria Nucleic Acid Testing for Low-density Detection

In this chapter, we demonstrated a standalone, “sample-in-answer-out” molecular diagnostic
system (AnyMDx) to enable a highly sensitive and quantitative molecular analysis of blood-born
malaria in low resource areas. The system consists of a durable battery-powered analyzer and a
disposable microfluidic compact cartridge loaded with reagents ready for use. A low power thermal
module and a novel fluorescence-sensing module are integrated into the analyzer for real-time
monitoring of loop-mediated isothermal nucleic acid amplification (LAMP) of target parasite
DNA. With 10 ul of a raw blood sample, the AnyMDx system automates the nucleic acid sample
preparation and subsequent LAMP and real-time detection. Under the laboratory conditions with
whole-blood samples spiked with cultured Plasmodium falciparum, we achieved a detection limit
of ~0.6 parasites/pl, much lower than those for the conventional microscopy and rapid diagnostic
tests (~50-100 parasites/pl). The turnaround time from the sample to the answer is less than 40
minutes. The AnyMDx is user-friendly, requiring minimal technological training. The analyzer and
the disposable reagent cartridge are cost-effective, making AnyMDx a potential tool for malaria

molecular diagnosis under field settings for malaria elimination.



2.1. Introduction to point-of-care nucleic acid testing

Toward effective malaria control, rapid, accurate, and highly sensitive diagnosis is essential for
delivering effective chemotherapies. Currently, malaria diagnosis under field settings relies
exclusively on traditional microscopy (thin and thick blood smears) and immunological rapid
diagnostic tests (RDTs, detecting antigens in human blood) with a detection limit of 50 — 100
parasites/uL [25, 27, 28]. Such a detection limit would inevitably miss malaria cases with much
lower parasitemias, which are especially common in asymptomatic parasite carriers [29-32]. Thus,
malaria diagnostic tools with significantly improved sensitivity are urgently needed for endemic

settings, especially for regions planning for malaria elimination.

Modern nucleic acid testing (NAT) methods of malaria detection enable much higher sensitivity
with a detection limit of <1 parasite/uL depending on the assay type [28, 31, 33-35], which is highly
desirable for identifying asymptomatic infections [27, 31, 36]. Sensitive detections of malaria
parasites in these subpopulations, which are considered as essential reservoirs of transmission, are
particularly important for malaria elimination [31, 37]. Among various molecular amplification
assays (recombinase polymerase amplification [38, 39], helicase dependent amplification [40]),
loop-mediated isothermal DNA amplification (LAMP) has emerged as a promising technology for
field use due to its simplicity, rapidness, sensitivity, and specificity [28, 41-54]. The major
advantages of using LAMP include its high specificity, robustness against inhibitors, and fast
amplification [55-57]. Unfortunately, most LAMP-based diagnosis still involves bulky and costly
peripheral equipment, and skilled technicians are often required for manually operating the
instrument [28, 58] and performing multiple steps of sample preparation [59-62]. Moreover,
necessary infrastructures such as electricity for powering instruments are often limited in remote
malaria clinical settings [63-65]. Therefore, there is a strong desire to develop a molecular

diagnostic system that can be more easily deployed to remote malaria-endemic areas. Although
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extensive efforts have been undertaken towards this goal [66, 67], a true “sample-in-answer-out”

NAT system with real-time quantitative capability has yet to be developed.

A field-deployable molecular malaria diagnostic platform should possess the following attributes:
1) standalone and portable for field applications; ii) true sample-in-answer-out without much user
intervention; iii) seamlessly integrated and automated DNA sample preparation, iv) real-time
quantitative fluorescence detection; v) rapid and suitable for diagnosis in clinical settings, and vi)

much higher sensitivity allowing detection at low parasitemias.

Here we report the design of a molecular diagnostic system for malaria, named AnyMDx, which
consists of a small-footprint analyzer and disposable microfluidic compact cartridge that are
preloaded with molecular reagents for the LAMP assay. With minimal manual work, the AnyMDx
could deliver sensitive molecular diagnostic results directly from a small volume of blood samples
within 40 minutes without any requirement of laboratory infrastructures. The standalone and user-

friendly AnyMDx instrument is highly promising for sensitive malaria diagnosis in field settings.

2.2. Loop-mediated isotherm amplification assay development

2.2.1. LAMP master mix

The LAMP reaction mix consists of isothermal buffer (20 mM Tris-HCI, 10 mM (NH4).SO4, 50
mM KCl, 2 mM MgSOs, 0.1% Tween 20, pH 8.8), species-specific primer set (5 pmol F3 and B3,
40 pmol FIP and BIP, 20 pmol LF and LB, Table 2-1), MgSOs, calcein, MnCI2,
deoxyribonucleotide triphosphates (ANTPs), Bst 2.0 DNA polymerase, DNA template, and PCR
grade H,O (Table 2-2). The LAMP assay was performed at a constant temperature (65°C

maintained by the analyzer) (see Figure 2-8). Six target-specific primers targeting the mitochondrial
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gene were synthesized (Integrated DNA Technologies) to specifically amplify the 213-bp region
of the P. falciparum DNA (Figure 2-1 and Table 2-1) [68, 69]. For pan-Plasmodium detection, we
adopted a primer set targeting the mitochondrial gene common to all Plasmodium species [68]. For
Pv-specific detection, we used a primer set targeting the cox/ gene of Pv [70]. All primer sets were
listed in Table 2-1. It is noteworthy the Pv primers used here could also cross-react with P. knowlesi
species [70]. The primer set we used in this study is the same as those reported previously [68]

[70].

LOCUS: AJ276844 F3 F2
1582 TATACTATTGGCACCTCCATGTC GTCTCATC(I§- gAGCCT TGCAATAAATAA
1633 TATCTAGCGTGTATTGTTGCCTTGTACACACCGCTCGTCACGCAATATCA

Fic Bic LB
1682 ATATACTGGGTATAGAACTCCAGGCGTTAACCTGTAGAGT TGAGATGGA
B2

1732 AACAGCCGGAAAGGTAATTTTACGCCCTTAACGTAAAGAT CAT TTATGAA
B3
1781 ATAGATTAGCATGGGACTAAAAAATGTTATGTTGTTGGTTTAAGCCCTAT

Figure 2-1: Location of the LAMP target sequence and priming sites of Plasmodium falciparum
(Pf: Genbank accession no. AJ276844). The core priming sites of inner/outer primers (F3/B3,
F2/B2, and Flc/Blc) with additional priming sites of loop primers (LF/LB) are marked on the
sequence.

Table 2-1: Primer sets for the genus-, P. falciparum-, and P. vivax-specific LAMP amplification

Species Primer Sequence (5> — 3°)
F3 TCGCTTCTAACGGTGAACT
B3c AATTGATAGTATCAGCTATCCATAG

Plasmodium genus FIP (Flc - F2) GGTGGAACACATTGTTTCATTTGATCTCATTCCAATGGAACCTTG
[68] BIP (B1 - B2c) GTTTGCTTCTAACATTCCACTTGCCCGTTTTGACCGGTCATT
LF CACTATACCTTACCAATCTATTTGAACTTG

LB TGGACGTAACCTCCAGGC



P. falciparum

[68]

P. vivax

[70]

F3

B3c

FIP (Flc - F2)

BIP (B — B2c)

LF

LB

F3

B3c

FIP (Flc - F2)

BIP (B1 - B2c)

LF

LB

CTCCATGTCGTCTCATCGC

AACATTTTTTAGTCCCATGCTAA

ACCCAGTATATTGATATTGCGTGACAGCCTTGCAATAAATAATATCTAGC

AACTCCAGGCGTTAACCTGTAATGATCTTTACGTTAAGGGC

CGGTGTGTACAAGGCAACAA

GTTGAGATGGAAACAGCCGG

GGTACTGGATGGACTTTATAT

GGTAATGTTAATAATAGCATTACAG

CCAGATACTAAAAGACCAACCCACCATTAAGTACATCACT

GCTAGTATTATGTCTTCTTTCACTTAATATACCAAGTGTTAAACC

GATAACATCTACTGCAACAGG

CTACTGTAATGCATCTAAGATC

Table 2-2: Reagent setup of the LAMP master mix.

Component Concentration Volume
PCR grade water 1x 7.25 ul
Primer sets - 6.50 pul
Isothermal buffer 1x 2.50 pl
MgSO4 7.00 mM 1.75 pl
Calcein 25.00 uM 0.63 pul
MnCl, 0.75 mM 1.88 ul
dNTP mix 1.40 mM 3.50 ul
Bst DNA polymerase 0.32 Unit/pl 1.00 pl
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2.2.2. Validation of LAMP assays for P. falciparum, P. vivax, and pan-plasmodium

To validate the LAMP primer sets for specifically detecting Pf, Pv, and pan-Plasmodium, we
performed a cross-reactivity test using extracted Pf and Pv genomic DNA on a benchtop real-time
PCR instrument (Bio-Rad CFX96). Pf genomic DNA is obtained from P. falciparum cultured blood
sample. Pv-infected blood samples were obtained from BEI Resources Repository (MRA-369 Pv
strain Achiote, and MRA-383 Pv strain Chesson). Each analysis was performed with triplicates. As
shown in Figure 2-2A, P. falciparum- and P. vivax- specific assays can pick up the corresponding
genomic sample specifically without cross-reactivity. In contrast, the pan-Plasmodium assays can
pick up any Plasmodium species (P. falciparum and P. vivax). No amplification was observed with
the negative control (PCR grade water). We performed gel electrophoresis in 2% agarose gel to
further evaluate each amplicon (Figure 2-2B). A clear ladder-like pattern with multiple bands of
different molecular sizes was observed due to the stem-loop DNA structures with several inverted
repeats within LAMP amplicons [71]. The length of the bands showed confirmative agreement
with the length of the target sequence (213-, 127-, and 220-bp bands were expected from P.

falciparum, P. vivax, and pan-Plasmodium products respectively) [68].
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Figure 2-2: Validation of the species- and genus-specific LAMP assays using laboratory purified
Pfand Pv genomic DNA. (A) Amplification curves obtained from real-time PCR. PCR grade water
was used as a no template control (NTC). (B) Gel electrophoresis image (2% agarose gel). Ladder-
like bands in the gel image confirm the amplicons from species- and genus-specific LAMP
reactions.

2.2.3. Thermostability of LAMP reagents

Although most of our experiments used liquid phase reagents loaded into the disc immediately
before use, the reagents could also be preloaded before use. We studied the thermostability of
LAMP reagents (especially Bst 2.0 DNA polymerase) when stored at 25 °C (ambient temperature)
and at 4 °C (refrigerator temperature) to evaluate their applicability for field use. During a week-
long test, LAMP reagents stored at 25 °C and 4 °C were assessed every 24 hours to detect the model
Pf genomic DNA. These experiments were done in 3 repetitions. As shown in Figure 2-3, the
enzymes and reagents were found to retain sufficient activity to achieve successful DNA
amplification when stored at 4°C for a week. There was no significant shift in the average threshold

time for reagents stored at 4°C for one week. In contrast, when stored at 25 °C, although the
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enzymes and reagents were active and could efficiently amplify DNA in less than 50 min for 3 days
(no activity afterward), the threshold time (T;) needed to obtain the positive/negative results were
delayed (Figure 2-3B). These results indicate that a qualitative yes/no amplification could be
achievable for reagents storage at room temperature. However, for a consistent real-time
quantitative LAMP detection, cold-chain transport and storage of the prefilled microfluidic reagent
disc would be preferred. The stability issue could also be addressed by using reagent lyophilization.
It was found the lyophilized reagents could remain stable for 24 months when stored at 4 °C, 28

days at 25 °C, and 2 days at 37 °C [72].

60
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Figure 2-3: LAMP reagent thermostability test. (A) The real-time amplification curve for LAMP
reagent stored at 4 °C and 25 °C. (B) Extracted amplification threshold time (T¢). At 4 °C storage
temperature, the reagent shows a negligible threshold time drift for a week. At 25 °C storage, the
reagent shows a drift towards higher T; (decreased activity) over time, and no amplification is seen
after day 3. The dashed line denotes the freshly prepared LAMP reagent.



13

2.3. Charge-switchable magnetic bead-based parasite DNA preparation

The common challenges for most point-of-care nucleic acid testing device stemmed from high-
quality and scalable nucleic acid sample preparation. In our preliminary study, we explored charge
switchable magnetic bead-based method for DNA extraction (Figure 2-4). We first performed a
reference experiment to confirm compatibility of ChargeSwitch forensic DNA
extraction/purification kit in the tube. Since the surface charge polarity of the magnetic beads is pH
dependent, and the surface charge polarity of DNA is negative for a wide range of pH values, the
magnetic beads can attract or repel the nucleic acids by the different pH values of the preloaded

buffer solution (Figure 2-4B).
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Figure 2-4: Charge switchable magnetic bead-based method for DNA isolation. (A) pH switchable
surface charge of silanol groups at silica surface. (B) DNA binding, purification and elution process
on silica surface can be actuated by surrounding pH values.
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2.4. Singleplex instrumentation integration

2.4.1. Analyzer

The assembled and exploded views of the AnyMDx system are shown in Figure 2-5. The
instrument was designed in SolidWorks and can be quickly prototyped in-house with a 3D printer.
The whole system is of a small footprint (12x13x13 c¢m). It is powered by a rechargeable lithium-
ion battery allowing for 14 hours of continuous operation before recharging. The functional

modules inside the AnyMDx system are illustrated in the block diagram (Figure 2-6).

(A) Detection (B)

Component Top Lid

Color Sensor

Cartridge
Blue LED Hot Plate Holder
Magnet Servo Motor
Body Optical
Components
Power LCD (LED, Optic fiber)

Supply
Power Supply

Arduino
USB Plug Bottom Cover Arduino Board

Figure 2-5: Overview of the standalone and mobile nucleic acid testing system (AnyMDx). (A)
Schematic diagram of the assembled AnyMDx with the reagent compact cartridge. The whole
platform is of a small footprint (12x13%x13 c¢m). The reagent compact cartridge was secured on the
rotatable spindle platter. (B) Schematic diagram of functional parts in an exploded view.
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Figure 2-6: Block diagram of the AnyMDx modules. The platform consists of four main functional
modules: mechanical modules (servo motor/spindle platter/compact cartridge), optical modules
(LED/optical sensor), thermal modules (Peltier heater/thermal sensor), and data connectivity
modules (Bluetooth). Each module was controlled by a microprocessor on a customized PCB
board. The diagnostic results can be optionally reported to a smartphone user interface.

Real-time optical subsystem. On the excitation side, the LED light source (A= 488 nm, C503B-
BCN-CV0Z0461, Newark) was guided towards the reaction chamber through a polymer optical
fiber (#02-538, Edmund). The optical fiber and LED were self-aligned by a customized adapter to
achieve optimal light coupling efficiency. On the detection side, the emission light from the LAMP
reaction chamber was coupled to the optical sensor (TCS34725, Digi-Key) by the optical fiber. The
incidence of the excitation LED light is perpendicular to the optical sensor to minimize the
diffracted excitation light into the optical sensor and thus increasing the signal-to-noise ratio.
During the amplification process, the fluorescence readings were acquired every 2.5 seconds. The
first 5 min of the signal was averaged to obtain the background noise level, which was then

subtracted from the raw fluorescence readings to form a processed signal. The processed signal was

further smoothed by averaging a fixed number of consecutive data points. We defined a threshold
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time (Ty) at the time when the slope of measured RFU (dRFU/df) reached the peak (Figure 2-7).

The threshold RFU value was experimentally determined at 400 for positive/negative decision.

Pt-infected whole blood at 0.01% parasitemia
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Figure 2-7: Determination of the threshold time (7). A real-time amplification curve (blue) and its
differential profile (dRFU/dt, orange). The threshold time (7;) was determined at the maximum
slope of RFU. (7} threshold time, #: time, Syqx: maximum value of the slope)

Thermal subsystem. For the feedback thermal control system, a Peltier heater was bonded to the
backside of the aluminum heating plate by thermal paste. A micro-thermistor was embedded inside
of the aluminum heating plate for real-time temperature monitoring. The desired reaction
temperature was maintained by the feedback control during the DNA amplification process to
maintain a desired constant temperature. To evaluate the temperature fluctuation, the temperature
was monitored for 60 minutes by an external independent thermocouple module (NI-9211, National
Instruments). Figure 2-8 shows the temperature on the aluminum heating plate can reach the set

temperature (65 °C) within 40 seconds and continuously maintain a temperature between 64.5 °C

to 66.5°C.
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Figure 2-8: The feedback-controlled reaction temperature profiles as a function of time. (blue
curve: AnyMDx 1, red curve: AnyMDx 2)

Mechanical and interfacing subsystems. An embedded microcontroller unit (MCU) operates the
whole system to perform all necessary isothermal assay steps, including automated sample
preparation, nucleic acid amplification, and real-time detection. An LCD provides a user-friendly
interface for instrument status and data display. Besides, a low power Bluetooth module was

incorporated for easy data connectivity.

2.4.2. Microfluidic reagent compact cartridge design and fabrication

The microfluidic compact cartridge consists of the top (0.8 mm thick), spacer (1.6 mm thick), and
bottom (0.8 mm thick) poly (methyl methacrylate) (PMMA) layers laminated with adhesive solvent
(Figure 2-9). Each layer was designed in AutoCAD (diameter of 9.6 cm) and patterned by a CO»
laser cutter (Epilog Helix 24 Laser System) with a power of 100%, a speed of 30% (for the
top/bottom of 0.8 mm thick) and 60% (for the spacer of 0.8 mm thick), and a frequency of 5000

Hz. The patterned top, spacer, and bottom polymethyl methacrylate (PMMA) layers were initially
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washed with detergent to remove residues from laser cutting, then laminated with adhesive solvent.
The assembled cartridge was cleaned twice with 2% sodium hypochlorite (NaOCl) and distilled

water, respectively, to eliminate inhibitory substances, which could cause chemical interference.

Each assembled cartridge accommodates three independent testing units. Each unit consists of five
chambers: a DNA binding chamber (with an inlet for sample input), a washing chamber, a reaction
chamber, and two valving chambers (Figure 2-9). The valving chambers were filled with FC-40 oil
or air. The FC-40 oil, which seals the LAMP reaction chamber, helped prevent master mix
evaporation during the thermal process. The air-filled valve was surface treated with water-oil
repellent to create a barrier for the amphiphilic lysis buffer. The inlets for sample input were sealed

by pressure-sensitive adhesive (PSA) tapes (3M Scotch 3650).
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LAMP  Washing Magnetic
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Figure 2-9: Illustration of reagent compact cartridge. (A) Assembled view of the reagent cartridge.
A test unit consists of five chambers: a DNA binding chamber (binding buffer pH 5.0), a washing
chamber (washing buffer pH 7.0), a LAMP reaction chamber (master mix, pH 8.8), and two valving
chambers. The lysate was prepared by collecting 10 ul of malaria-infected blood into 1 ml of lysis
buffer in a microcentrifuge tube. (B) Cross-sectional view of the reagent cartridge showing. All
reagents are preloaded on the reagent cartridge in a ready-to-use format.
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2.5. Working principle of streamlined DNA sample preparation on the
cartridge
We used a commercially available DNA purification kit (Invitrogen ChargeSwitch® forensic DNA
purification kit) for isolating P. falciparum DNA from whole blood lysates. The lysis buffer,
binding buffer, and washing buffer were used as received. The LAMP master mix was prepared
before running the experiments. All reagents were in the liquid phase when loaded onto the
cartridge. The reagents-loaded cartridge was stored in the fridge at 4°C. The reagents were stable
for at least 3 days under this storage condition. The 10 ul of human whole blood samples spiked
with cultured P. falciparum were collected into a 1.5 ml microcentrifuge tube containing 1000 pl
of lysis buffer and 10 pl proteinase K. After incubating at room temperature for 2 min, 180 pl
lysates were introduced into the binding chamber through the inlet hole. There are three
independent testing units on the compact cartridge. Each testing unit on the compact cartridge
consists of (1) 30 ul binding buffer and 10 ul magnetic beads in the binding chamber, (2) 150 ul
washing buffer in the washing chamber, and (3) 25 pl LAMP master mix in the reaction chamber
(Figure 2-9A). Since the surface charge polarity of the magnetic beads is pH-dependent, and the
surface charge polarity of DNA is negative for a wide range of pH values [73], the magnetic beads
can attract or repel the nucleic acids by the different pH values of the preloaded buffer solution
(Figure 2-4 and Figure 2-10). The magnetic beads were actuated by rotating the compact cartridge
against a stationary magnet. In a control sequence, the DNA-carrying beads were directed into the
different chambers until the target DNAs were eluted in the reaction chamber (Figure 2-10). The
optimal rotation speed is experimentally determined by monitoring the magnetic bead motion.
Although a faster rotation is preferred to reduce the whole processing time, the DNA-carrying
magnetic beads might be lost from chamber to chamber if the rotation speed is too high. There is a

tradeoff between the sample preparation efficiency and the whole process time. The whole process
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can automatically prepare high-quality DNA samples from the human whole blood in less than 10

minutes.

Magnetic beads

7 o

DNA Binding DNA Purification DNA Elution Amplification & Real-Time Reading

Figure 2-10: Illustration of integrated sample preparation and amplification steps on the reagent
cartridge. By rotating the reagent cartridge against a stationary magnet in a specifically designed
control sequence (steps 1-4), the pH-dependent charge switchable magnetic beads were directed
from chamber to chamber, which allows for seamlessly integrated DNA binding, purification,
elution, and amplification on the reagent cartridge.

2.6. Magnetic bead-based P. falciparum gDNA sample preparation on tube

We performed a reference experiment to confirm the compatibility of the ChargeSwitch forensic
DNA extraction/purification kit. To validate the magnetic bead-based DNA extraction/purification
method, we manually carried out tube-level sample preparation by pipetting (Figure 2-11A). In step
1, 20 pl of the cultured malaria-infected blood sample was initially dispensed to the tube, which
contains 1 ml of lysis buffer and 10 pl of Proteinase K. This mixture was incubated at room
temperature for 2 minutes to lyse the malaria parasites and RBCs. In step 2, 200 pl of purification
buffer and 20 pl of magnetic beads were introduced by pipetting. In this step, the negatively charged
target DNA bind to the positively charged magnetic beads (pH 5.0). In step 3, the DNA-carrying

magnetic beads were enriched by a permanent magnet, and the remaining supernatant was removed.
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Then 500 ul of washing buffer was introduced to remove possible inhibitors. In step 4, 150 ul of
elution buffer was used to unbind the DNA from the magnetic beads due to charge repulsion (pH
8.8). In step 5, 1 ul of purified DNA was introduced to the LAMP master mix, which was
transferred to the reagent cartridge and was run on the AnyMDx instrument for real-time
amplification. All amplification curves of infected RBC samples showed clear exponential DNA
amplification between 25 to 35 minutes (Figure 2-11B). This result confirms the success of the

magnetic bead-based method for malaria DNA extraction and purification.
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Figure 2-11: Illustration of the manual parasite genomic DNA extraction and purification
procedures in a microcentrifuge tube. (B) The amplification curve for the manually extracted DNA
sample on the AnyMDx instrument. The successful amplification of the tube-extracted DNA
samples validates the effectiveness of the magnetic bead-based method.

2.7. LAMP assay test on the cartridge using purified P. falciparum gDNA

To validate the designed LAMP assay and the module level function (fluidic, thermal, mechanical,
optical) of the AnyMDx instrument, the LAMP assay in the microfluidic reagent cartridge on the
AnyMDx system was compared side-by-side with a real-time PCR using purified P. falciparum
genomic DNA sample. To this end, purified P. falciparum genomic DNA (gDNA) was 10-fold

serially diluted with Tris-EDTA buffer. LAMP master mix without P. falciparum gDNA was used
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as a no template control (NTC). As shown in Figure 2-12A, the assay was firstly validated by a
benchtop real-time PCR machine (MJ Research DNA Engine Opticon). A sharp increase in RFU
values was observed from three diluted DNA samples, while the negative control showed no
increase in RFU values (Figure 2-12A). The real-time performance of AnyMDx on the same sample
sets is shown in Figure 2-12B, which demonstrated a distinguishable fluorescence threshold
between positive and negative samples within 30 minutes. Besides, the result of the AnyMDx
system was quantitative though the standard deviations are higher for low concentration samples.
An inversely proportional relationship between the threshold time and the DNA concentrations (R?
= 0.9998) was observed (Figure 2-12B inset). Note that AnyMDx has a linear region from 0.01 x
to 1 x while the real-time PCR machine saturates at 1x concentration. This discrepancy might occur
due to the dynamic range differences in the optical detectors and the thermal coupling efficiency in

these two systems.
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Figure 2-12: Validation of the LAMP assay and the AnyMDx instrument with laboratory purified
DNA samples. (A) Benchmarking amplification curves obtained from the real-time PCR machine.
1x, 0.1x, and 0.01x denotes the dilution factors of the P. falciparum DNA samples (NTC: No
template controls, Ti: Threshold time). (B) The amplification profiles acquired from the AnyMDx
instrument. (C) Gel-electrophoresis analysis on a 2% agarose gel. The amplicons show a clear
ladder-like pattern, the length of which verifies the LAMP assay’s specificity against P. falciparum.
(D) Emission visualized under the blue LED (A=488 nm) illumination for various positive and
negative samples.
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To further evaluate if the amplicons were specifically from the designed targets, we performed gel
electrophoresis analysis of the amplicons in 2% agarose gel. As shown in Figure 2-12C, the LAMP
amplicons showed a clear ladder-like pattern with multiple bands of different molecular sizes due
to its inverted-repeat structures [74]. More specifically, the length of the observed bands
corresponds to the integral times of the target sequence (213 bp), indicating the amplified products
were specific for the target sequence. Also, strong green emission (implying positive reactions) can
be easily recognized by the naked eyes in the PCR tube under blue LED illumination in the dark
environment (Figure 2-12D). From these results, we successfully verified the LAMP assay against

P. falciparum genomic DNA and the modular function of the AnyMDx system.

2.8. Validation of streamlined sample process using Pf-infected whole blood

High-quality nucleic acid sample preparation is the bottleneck for most “sample-in-answer-out”
molecular analysis.[75] Before we prepared the sample on the reagent cartridge, the pH-switchable
magnetic beads-based method for DNA isolation was validated first in test tubes from the blood
sample using the same reagents as on the reagent compact cartridge. Successful amplification of
the tube-extracted DNA samples confirmed the effectiveness of the magnetic bead-based method
(Figure 2-11). Afterward, we evaluated sample preparation in the reagent compact cartridge and
the compatibility of the purified DNA with the subsequent LAMP assay. To test the DNA
extraction efficiency on the reagent compact cartridge, we examined P. falciparum-infected blood
samples of different parasitemia (0.2%, 0.02%, and 0.002%, prepared by dilution with healthy
blood at 45% hematocrit), which were assessed by Giemsa-stained blood smears test prior to
experiment. The infected blood samples were directly lysed in the collection tubes before loading
into the reagent compact cartridge (Figure 2-10B). The following DNA binding, purification,

elution, and the amplification were automatically carried out by the AnyMDx system (Figure
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2-10C). As shown in Figure 2-13, the real-time amplification data for various parasitemia showed
a clear quantitative trend, as compared to the lack of amplification signals in the negative control.
Though quantitative analysis is not always required for point-of-care applications, it is valuable in
many situations, for example, in determining the effectiveness of antimalarial therapy for malaria
patients.[76] These results fully verified that the AnyMDx system could work in a “sample-in-
answer-out” fashion by seamlessly integrating high-quality DNA preparation and real-time

amplification on a single reagent compact cartridge.
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Figure 2-13: Validation of the AnyMDx system from the whole blood sample to the amplification
result with integrated sample preparation on the reagent cartridge. The % value represents the
parasitemia of the infected RBCs. (hRBC: healthy RBCs, NTC: No template controls, Ti: Threshold
time)

2.9. Sensitivity estimation with whole blood

To evaluate the analytical sensitivity of our device in the real-world settings, we 10-fold diluted the
Pf-infected whole blood with healthy blood to create mock samples with 10%% to 1% parasitemia.

The parasite DNA samples were automatically prepared on the compact disc. Each parasitemia
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sample was performed in triplicates, together with negative control on a single disc (four reactions
per run). As shown in Figure 2-14A, a whole blood sample with parasitemia higher than 10°%
could be identified. Since parasitemia is the ratio of the parasitized RBCs to the total RBCs, 10° %
parasitemia would correspond to 0.5 parasites/ul (normal RBC count is ~5x10° cells/ul [26]).
Although a rigorous report of the limit of detection (i.e., analytical sensitivity) requires a statistical
comparison with the analytical blank and should be expressed as a probability with confidence
intervals [77], a quick eyeball of the data shown in Figure 2-14A suggests the whole blood
sensitivity is around 0.5 parasites/ul. WHO estimates that analytical sensitivity needs to be lower
than 2 parasites/ul for identifying low-level infection in a pre-elimination setting [78]. This
sensitivity achieved in our device is comparable to other NAT methods (1-5 parasites/ul) [79] and
suitable for detecting low-level asymptomatic carriers [25, 27, 80]. No amplification was observed
for the healthy whole blood sample, which suggests the background human genomic DNA has
negligible interferences. The amplification threshold time (77) was extracted for each parasitemia,
and the results were shown in Figure 2-14B. The inversely proportional relationship between 7; and
parasitemia confirmed that the quantitative ability is still valid with whole blood samples. It is
interesting to note that the calibration curve shown in Figure 2-14B is not exactly linear which is

likely because the DNA extraction efficiency is nonlinear for different cell numbers [81].
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Figure 2-14: Sensitivity test with Pf~infected whole blood sample (A) Amplification curves for 10-
fold serially diluted Pf-infected whole blood samples. Healthy human blood was used as an NTC.
(B) The resulting calibration curve for the whole blood sample. Standard deviation values are from
triplicates.

2.10. Cost analysis

The most significant advantage of the molecular test is their ability to detect extremely low-level
malaria infections, which are often challenging for microscopy and RDTs. Nevertheless, the
greatest hurdle for deploying a molecular analysis in resource-limited areas is its relatively high
cost and the infrastructure investment. The AnyMDx system aimed to address this issue by
delivering a sensitive malaria molecular test cost-effectively. The prototype AnyMDx instrument
presented in this work could be built for a total amount of ~$176 (see Table 2-3 for cost breakdown).
The disposable reagent compact cartridge (including the sample preparation and the amplification
reagents) costs ~$1.14 per each test (see Table 2-4). Note that this cost analysis is only to provide

a ballpark figure to the interested researchers to replicate the system. Reduced cost for scaled
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manufacturing, increased cost for medical device regulation, and licensing cost is not included in
this analysis since this is beyond the scope of this study. The low cost of this sensitive molecular
test provides an excellent opportunity for the field applications of this mobile molecular diagnostic
system. Moreover, the manufacturing of the AnyMDx instrument is highly scalable in a cost-
effective way. The AnyMDx system could be easily reproduced within a day in ordinary lab

settings.

Table 2-3: Cost breakdown for the AnyMDx instrument

Unit Unit Ext

System Vendor Description Part# Function
Cost ($) Qty. Cost ($)
Bluetooth Adafruit Bluetooth Low Energy (BLE 4.0) 1697 Bluetooth 19.95 1 19.95
Electronics Adafruit Arduino Mega 2560 R3 DEV-1106 Microcontroller 45.95 1 45.95
Electronics Adafruit 36-pin stripe male header 392 Headpins 4.95 0.083 0.41
Electronics Newark Detector Switch 83T2715 Switch 0.27 1 0.27
Electronics Sparkfun DC Barrel Power Jack/Connector PRT-00119 Power Connector 1.25 1 1.25
Electronics Newark Through-Hole Resistor, 10 kQ 38K0328 Temperature control 0.09 3 0.26
Electronics Adafruit Shield Stacking Headers for Arduino 85 Wire Sockets 1.95 0.33 0.64
Electronics Newark Through-Hole Resistor, 100 Q 38K 0326 Resistors for LED 0.09 2 0.18
Electronics Adafruit Premium Male/Male Jumper Wires 758 Wires 3.95 0.75 2.96
Electronics Newark Diode, Standard, 1A, 50A 78K2043 Diode 0.07 1 0.07
Electronics Newark Trimmer Potentiometer, 10kQ 16F7158 LCD adjustment 1.65 1 1.65
Enclosure Mcmaster Adjustable-Friction Hinge 1791A44 Hinge 6.72 2 13.44
Enclosure Amazon FLASHFORGE ABS Filament 90003001 3D platform material 18.50 0.3 5.55
Enclosure Sparkfun Metric Pan Head Machine Screws 92005A033 For holding LCD 3.67 0.04 0.15
Enclosure Mcmaster Acrylic Sheet, 1/8" Thick, 12" x 24" 8505K12 Holding plates 13.46 0.375 5.05
Enclosure Thorlabs Screws (M4 cap screw) W8S038 For holding hinge 3.25 0.04 0.13
Enclosure Thorlabs Screws (M3 set screw) SS3M6 For holding color sensor 9.25 0.0006 0.01
Enclosure Home Depot Screw Assortment Kit 800934 Hold plates 6.50 0.034 0.22
LCD Sparkfun Basic 16x2 Character LCD LCD-00709 LCD 15.95 1 15.95

Magnets Mcmaster Neodymium Disc Magnet Nickel 58605K33 Holding magnetic beads 2.69 1 2.69
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Optics Adafruit Color Sensor 1334 Detection 7.95 1 7.95
Optics Edmund Optical Plastic Light Guide2 #02-538 Guiding light 255 0.06 0.15
Optics Newark CREE LED, Blue, T-1 3/4 (Smm) 04R6674 Fluorescence excitation 021 1 021
Optics Memaster Dispensing Needle 75165A551 Holding optic fiber 13.00 0.02 0.26
Servo Adafruit Standard Size - High Torque Servo 1142 Actuation of Sg;:gii 19.95 1 19.95
Thermal ~ Thermoelectric Cold Plate CP-0.91-0.91 Heating Stage 575 1 575
Thermal Digikey Peltier Heater 102-1667-ND Heater 16.00 1 16.00
Thermal Newark N Channel Power MOSFET 6317707 Switch for Peltier heater 1.66 1 1.66
Thermal Newark Thermistor 95C0606 Temperature sensing 7.34 1 7.34
Thermal Newark Capacitor 470uF 65R3137 Power Stabilizing 0.11 1 0.11
Total Cost $176.16
Table 2-4: Disposable reagent compact disc cost per test.
. Stock Vol . Vol
Reagents Vendor Function (ml) Unit Cost ($) Ext Cost/rxn
(ul)/rxn

NEB Isothermal Buffer NEB LAMP master mix 6 24.00 25 0.010

F3 IDT LAMP master mix 1.4 9.22 0.25 0.002

B3 IDT  LAMP master mix 1.5 10.22 0.25 0.002

FIP IDT  LAMP master mix 1.0 7.14 2.00 0.013

BIP IDT LAMP master mix 1.4 9.18 2.00 0.013

LF IDT  LAMP master mix 1.7 11.86 1.00 0.007

LB IDT  LAMP master mix 1.3 8.61 1.00 0.007

MgSO4 NEB LAMP master mix 6 20.00 1.75 0.006

Calcein Sigma-Aldrich LAMP master mix 8000 133.00 0.63 0.000

MnCl, Sigma-Aldrich LAMP master mix 100 62.60 1.88 0.001

dNTP Mix Thermo Fisher LAMP master mix 32 107.00 3.50 0.117

2.0 Bst polymerase NEB LAMP master mix 1 264.00 1.00 0.264
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UltraPure Water VWR LAMP master mix 20 91.88 7.25 0.033
Lysis Buffer Invitrogen Sample Prep. 800 142.00 1000.00 0.178
Purification Buffer Invitrogen Sample Prep. 20 28.97 30.00 0.043
Wash Buffer Invitrogen Sample Prep. 100 144.84 150.00 0.217
Proteinase K Invitrogen Sample Prep. 1 1.45 10.00 0.014
Magnetic Beads Invitrogen Sample Prep. 2 2.90 10.00 0.014
Acrylic Glue ePlastics Compact disc 118 9.69 1.5 0.041

1/32" Acrylic Sheet ePlastics Compact disc - 14.98 - 0.098
1/16" Acrylic Sheet ePlastics Compact disc - 17.72 - 0.058
Total Cost $1.14

The instrument-to-instrument variation was small enough to deliver the same quality of quantitative

molecular analysis (Figure 2-15). As a result, we envision that the AnyMDx would enable cost-

effective malaria molecular diagnosis in resource-limited regions by decreasing the cost, increasing

the ease of use, and maintaining high sensitivity.
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Figure 2-15: DNA amplification profiles of AnyMDx2. The manufacturing of the AnyMDx
instrument is repeatable in a cost-effective way. We built the second instrument of AnyMDx
(named AnyMDx2) and performed a similar sensitivity experiment (as described in the sensitivity
section). Amplification curves from six different parasitemia samples show apparent exponential
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increases of fluorescence, while that of the negative controls (master mix and hRBC) shows no
amplification. (RFU: relative fluorescence unit, hRBC: healthy RBCs, NC: negative control)

2.11. Summary

In summary, we developed a field-deployable mobile molecular diagnostic system for rapid and
accurate diagnosis of malaria infection in resource-limited areas at the point of need. The AnyMDx
system seamlessly integrated all nucleic acid testing steps from sample preparation to real-time
amplification and detection. The standalone and user-friendly system works in an “insert-and-test”
fashion and could specifically detect P. falciparum species in 40 minutes from a whole blood
sample. The sensitivity against P. falciparum was ~0.6 parasites/ul, which is important for
identifying asymptomatic parasite carriers who will otherwise be missed by microscopy or RDT
[25, 31, 82]. The cost-effective system allows for the deployment of a benchtop-quality malaria
nucleic acid testing into the remote areas for malaria elimination. Moreover, the modular design of
a separate reagent compact cartridge and a durable analyzer makes the system versatile. As a
platform technology, the AnyMDx design should create a new paradigm of molecular diagnosis

towards a variety of infectious diseases at the point of care.



Chapter 3 Multiplex Real-time Fluorescence Nucleic Acid
Testing For High-throughput Malaria Screening

In Chapter 2, I have discussed the singleplex field-deployable mobile nucleic acid testing device
for sensitive malaria detection. Although the singleplex system allows excellent diagnostic
performance, throughput is still limited for field use. This chapter will present a multiplexed real-
time fluorescence nucleic acid testing device for high-throughput malaria detection. The 4-plex
device consists of a compact analyzer and a disposable microfluidic reagent compact disc. The
parasite DNA sample preparation and subsequent real-time LAMP detection were seamlessly
integrated on a single microfluidic compact disc, driven by energy-efficient, non-centrifuge based
magnetic field interactions. Each disc contains four parallel testing units, which could be configured
either as four identical tests or as four species-specific tests. When configured as species-specific
tests, it could identify two of the most life-threatening malaria species (P. falciparum and P. vivax).
The NAT device is capable of processing four samples simultaneously within 50 min turnaround
time. The combination of the sensitivity, specificity, cost, and scalable sample preparation suggests
the multiplexed real-time fluorescence LAMP device could be particularly useful for malaria

screening in the field settings.
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3.1. Introduction to high-throughput nucleic acid testing in the field

Malaria elimination program requires a diagnostic device that can facilitate case management,
active community surveillance, and parasite screening of asymptomatic carriers [21, 83]. Due to its
excellent sensitivity, NATs have been considered as a strong candidate for malaria diagnosis.
However, the turnaround time for most NATs requires hours to several days from sample collection
to test results [84]. Although most NAT assay takes less than an hour, the primary reason for slow
turnaround time is blood sample transport from a clinical site to a centralized laboratory where

NATs are available [84].

Modification to make NATs more appropriate for low-resource point-of-care setting have been
reported to reduce turnaround time by eliminating the sample transfer time [85]. For instance,
recently described illumigene Malaria LAMP assay showed ‘sample-to-answer’ turnaround time
in less than an hour with a throughput of 10 test/run using a manual blood sample preparation step
with an incubator reader [86]. Despite significant effort and progress towards field deployment of
malaria NATs assays, test throughput is still restricted by the manual nucleic acid sample
preparation from raw peripheral blood [79, 87]. Current sample preparation usually involves
lengthy or error-prone manual processes such as gravity-driven filtration [86], centrifugation [88].
For the promising NAT technologies to be used as high-throughput malaria screening tests in the
field, the DNA extraction method should be simple, rapid, scalable, fully automated, free of cross-

contamination, and seamlessly integrated with the amplification for immediate analysis.

In this chapter, we present a multiplexed real-time fluorescence LAMP device suitable for high-
throughput field detection of Pfand Pv with automated and scalable sample preparation capability.
The device uses a non-centrifugal method for solid-phase DNA extraction by actuating the DNA-

carrying magnetic beads against the stationary reagent droplets. The device consists of a palm-sized
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analyzer and an enclosed microfluidic reagent compact disc. The reagents were preloaded and
separated on the microfluidic reagent disk by teeth-shaped passive valves. The preloaded and
ready-to-use microfluidic reagent disc contains four parallel testing units. It could be configured
either as four identical tests to increase the testing throughput or as four species-specific tests to
distinguish Plasmodium genus, Pfand Pv species. Each test unit automatically performs the parasite
DNA binding, washing, elution, and immediate real-time isothermal amplification and
fluorescence detection. This seamless integration from the sample to result on a single microfluidic
reagent compact disc significantly minimized the manual workload needed for performing the
NATs. The device could deliver sensitive (~0.5 parasites/pl) NAT results directly from a small

volume of whole blood samples within 50 minutes for a material cost around $1/test.

3.2. Multiplexed instrumentation integration

3.2.1. 4-plex analyzer

Figure 3-1A shows an exploded view of the real-time fluorescence LAMP device. The mobile
platform was designed in SolidWorks and prototyped by a 3D printer. The device has four parallel
testing units and has a small footprint of 10x12x12 cm? (Figure 3-1B). The fully integrated device

consists of thermal, optical, electromechanical, and data subsystems.

Thermal subsystem. Four resistive-heating elements were connected in series to maintain the
uniform temperature in each testing unit. Each power resistor was bonded to the backside of an
aluminum heating plate by thermal paste. A micro-thermistor was embedded in each heating plate
for real-time temperature monitoring. Negative thermal feedback was used to maintain the desired

temperature during the DNA amplification.
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Optical subsystem. For real-time tracking of the DNA amplification, we used four LED light
sources (A=488nm). Each of them was directed towards individual reaction chambers through
polymer optical fibers. Each LED was connected with a potentiometer to ensure the uniformity of
the excitation light. The incidence of the excitation LED lights was perpendicular to the optical

sensors to minimize the excitation interference (zoomed illustration in Figure 3-1B).

Electromechanical subsystem. A customized printed circuit board (PCB) with an embedded
microcontroller unit (MCU) operates the whole device from sample preparation to the result report.
A rechargeable 9V portable Lithium-ion battery powers the entire system and could last for >15

hours before recharging.

Data subsystem. The fluorescence intensity from four optical sensing units was sampled at a
constant interval and displayed on the LCD touchscreen in real-time. A built-in moving average
algorithm smoothed the signal with background noise removed. The threshold time (7¢) was

obtained when the slope of RFU (dRFU/df) reached the peak (Figure 2-7).

(B)
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Figure 3-1: Overview of the device. (A) Exploded view of the device, showing the assembly of
various components. (B) Schematic of the assembled device and the quadplex microfluidic reagent



35

compact disc. The form factor of the analyzer is palm-sized. The reagent compact disc is secured
to the spindle platter. A real-time fluorescence sensing scheme is integrated on the analyzer.

3.2.2. 4-plex microfluidic reagent compact disc

The microfluidic reagent compact disc has a diameter of 9.6 cm and a thickness of 3.2 mm. The
top, spacer, and bottom polymethyl methacrylate (PMMA) layers were designed using AutoCAD
and patterned by a CO; laser cutting machine (Epilog Helix 24 Laser System). All three layers were
aligned using the alignment hole and permanently laminated with adhesive solvent. The assembled
disc has four testing units, and each unit contains three working chambers (Figure 3-2): binding
(210 pl), washing (150 pl), and reaction chambers (25 pl). Liquid phase reagents (beads, washing
buffer, and master mix) were loaded into the disc immediately before use. The reagents could also

be preloaded into the disc and would last for at least 1 week if stored at 4 °C.

Each chamber was isolated by a valve chamber (80 pl) to prevent the reagent mixing. The valving
chambers were filled with FC-40 oil or air. The FC-40 oil, which seals the LAMP reaction chamber,
helped prevent master mix evaporation during the thermal process. The air-filled valve was surface
treated with water-oil repellent to create a barrier for the amphiphilic lysis buffer. After the sample

loading, the whole disc was sealed with a PMMA cap to avoid potential cross-contamination.

3.3.  Overall testing workflow

The workflow of the device consists of four steps (Figure 3-2). The 20 ul of finger-prick blood was
collected using a capillary tube and lysed in the collection tube filled with 1000 pl of lysis buffer.

180 pl of blood lysate was transferred into each binding chamber of the testing units on the reagent
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compact disc. After loading the sample, the disc was sealed with PSA tape and inserted into the
mobile analyzer for a streamlined nucleic acid sample preparation and amplification process
(enlarged view of step 3 in Figure 3-2). During the amplification, the fluorescence intensity data
were recorded on a non-volatile memory card and displayed on the LCD screen in real-time. Users

also have an option to receive the results using a smartphone.
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Figure 3-2: Workflow of the device. In step 1, whole blood is collected into the lysis buffer by the
capillary tube. In step 2, the lysate is loaded into the binding chamber of the four testing units. In
step 3, the disc is sealed and inserted into the analyzer, which then performs automated sample
preparation and amplification. This automated process consists of four steps: binding (3 min),
washing (4 min), elution (3 min), and amplification (40 min). During the amplification process, the
real-time fluorescence signal from each testing unit was recorded and analyzed. Finally, in step 4,
the testing results are reported.



3.4. Robustness of the passive valve on the microfluidic compact disc

One major challenge in applying microfluidics towards point-of-care testing is the need for
peripheral tubing and pumping systems to drive the liquid movement [89, 90]. One exception is the
centrifugal-type microfluidic platform, where the reagent can be preloaded and driven by
centrifugal forces[91]. The preloaded reagents rely on passive valves to prevent mixing[92, 93].
However, fluid control and separation in the centrifugal platform were challenging because an
identical centrifugal force field is applied to all of the liquids on the disc within which a different
flow rate is needed [90, 94]. In addition, centrifugal force is non-linear and requires rotational
frequencies in the range of several thousand revolutions per minute (RPM).[91] The electrical

power needed to drive this motion is tremendous.

The microfluidic reagent disc used in the system does not rely on the centrifugal force to move the
liquid. Instead, we actuate the DNA-carrying magnetic beads against the stationary reagent
droplets. The reagents were preloaded and separated on the microfluidic reagent disc by teeth-
shaped passive valves (Figure 2-10). Structural pinning effect [95, 96] and modified surface tension
are the underlying principles that enable the teeth-shaped valves to securely hold the liquid in each
chamber. The pinning effect refers to the fact that a sharp bending angle (o) of the teeth structure
radically increases the liquid/vapor interface area and raises the activation energy, which prevents
fluid from overcoming the barrier (Figure 3-3A) [95]. The enhanced surface tension is another
important aspect of our passive valve structure. The valve surface was treated with water-oil
repellent to increase the activation barrier by introducing a higher surface tension [95], which also

helps circumvent cross-contamination during sample preparation.
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To demonstrate the robustness of the passive valve for preventing the reagents from mixing under
the harsh mechanical vibration, we performed a drop test on the microfluidic compact disc. Three
different colors of food dyes were preloaded into each reagent chamber for visualization of any
liquid movement. Each reagent-loading hole was sealed with pressure-sensitive adhesive (PSA) to
prevent leakage. The disc was dropped from a height of 20 cm along a guiding rod towards a rigid
surface for 25 times. The disc was inspected every five drops with naked eyes to confirm the
functionality of the valve. The result showed that the teeth-shaped valve endured 25 consecutive
drops without reagents mixing (Figure 3-3). Besides, the robustness of the passive valve was also

validated through hand agitation to the microfluidic disc.

(A) (B)

Figure 3-3: Illustration of the pinning effect and photo images of the drop test results. (A) A droplet
on a solid surface with a contact angle of 6, which will be increased up to #+a when moving towards
a three-phase edge, where a is a bending angle'. This implies that larger a allows a higher activation
barrier for the passive valve. (B) The drop test to evaluate the robustness of the teeth-shaped passive
valves on the reagent compact disc under the harsh mechanical vibration. (N denotes the number
of drops)
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3.5. Scalable streamlined sample preparation

One of the significant challenges for NATSs at the point of care is related to the front end of the
assays - nucleic acid extraction from raw samples [87]. For malaria mass screening applications,
the ideal sample preparation should be simple, scalable, and easy-to-operate. We realized a
streamlined process for preparing four samples in parallel on a single enclosed microfluidic disc.
In contrast to the conventional lab-on-a-disk devices that rely on energy-hungry centrifugal forces
[91, 97] [98], our device operates with a non-centrifugal and energy-efficient magnetic interaction
method. The process for each sample consists of the following three steps: binding, washing, and
elution (step 3 of Figure 3-2). The negatively charged parasite DNAs first bind to the pH-sensitive
charge-switchable magnetic beads (ChargeSwitch® Forensic DNA Purification Kits, Invitrogen) at
pH 5. During the binding process (~3 min), the reagent compact disc was rotated back and forth
slowly to ensure thorough mixing of the beads and the lysate. The DNA-binding magnetic beads
were then transferred to the washing chamber by magnetic actuation. The washing process lasts for
about 4 min, and the magnetic beads with purified DNAs were further transferred to the reaction
chamber (LAMP master mix). The LAMP master mix has a pH of 8.8, which switches the surface
charge of the magnetic beads towards negative. The negatively charged DNAs were therefore
repelled off from the magnetic beads and eluted into the master mix. After that, the residual
magnetic beads were removed from the reaction chamber before initiating the LAMP reaction. The
entire sample preparation was multiplexed for four samples and could be finished in less than 10
minutes with minimal user intervention. The sample numbers could be easily scaled up if needed

in the future.
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3.6. Multiplex parallel fluorescence sensing

Uniformity. For the quadruplex parallel NAT device, the fluorescence sensing consistency among
different channels is essential for quantitative measurement. We tested fluorescent calcein dye at
various known concentrations. At each concentration, identical calcein aliquots were loaded into
the four reaction chambers for fluorescence intensity measurement. Figure 3-4A shows the relative
fluorescence unit (RFU) distribution from each optical channel at different concentrations. The
quantitative uniformity among the four channels is excellent, as seen by the small standard
deviation for the RFU values. Moreover, as expected, the mean fluorescence intensity was
proportional to the calcein concentration, and a 2-fold calcein concentration difference could be
discriminated (inset in Figure 3-4A). To further validate the fluorescence sensing uniformity during
the real-time LAMP process, four identical 1 pl of Pf'genomic DNA was directly loaded into each
reaction chamber, and the real-time amplification curve was monitored (Figure 3-4B). We repeated
each test three times. As shown in the inset of Figure 3-4B, the variation of threshold time (77)
among different fluorescence sensing channels was ~1.5 minutes. These results validate the

fluorescence sensing uniformity among different optical channels.

Quantitative. A series of 10-fold dilutions of Pf'genomic DNA in Tris-EDTA buffer was used to
validate the quantitative ability of the device. For each concentration, a set of three identical Pf
genomic DNA samples and one internal negative control were loaded into each of the four reaction
chambers on the disc. The DNA sample volume is 1 pl, and the LAMP master mix is 24 pl. Figure
3-4C shows real-time amplification results from various concentrations of Pf genomic DNA. The
mean and standard deviation of the amplification threshold time (T was obtained from the
triplicates for each concentration. As shown in the bottom subplot of Figure 3-4C, a clear linear

relationship was observed between T and the dilution factor, which could be used as a reference
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curve for quantification. The quantitative ability is important for assessing parasite load in the

blood, a useful indicator for determining the proper antimalarial drug dosage [99 ].
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Figure 3-4: Validation of the optical sensing uniformity. (A) With fluorescent calcein dye, the RFU
distribution for the four optical channels was evaluated at a series of calcein concentration. A linear
dependence of the RFU on the calcein concentration was observed in the range of 0.625-125 uM.
The RFU variation from the four channels is small. (B) With Pf genomic DNA at constant
concertation, the variations of the amplification threshold time (7;) obtained from the real-time
curve is ~1.5 min. (C) Amplification curves for 10-fold serially diluted Pf'genomic DNA samples.
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The bottom plot shows the calibration curve for the Pf genomic DNA. Standard deviation values
are from triplicates.

3.7. Whole blood-based Pf, Pv and Pan-Plasmodium identification

To evaluate the specificity of the device, we prepared whole blood samples spiked randomly with
Pfand Pv. Those sample’s species information is recorded but blinded to the tester. The reagent
compact disc was configured as species-specific tests, as shown in Figure 3-5A. Each test disc
incorporates an internal negative control unit to monitor the test quality. A threshold of 100 RFU
is experimentally determined to differentiate positive and negative results. Figure 3-5B shows the
result from a representative set of samples (i.e., Pf, Pv, mixed, and healthy). The species
information for a particular infected whole blood sample can be derived from four qualitative
results on the single microfluidic disc. For example, the Pf-infected sample (first row of Figure
3-5B) can be identified by the Pf-specific assay as well as the genus-specific assay. In contrast, the
mixed infection sample can be detected when Pf-, Pv-, and genus-specific assays all show positive.
Since Pfand Pv are the two most prevalent species that pose the greatest threat to the human,
identification of these major malaria parasite species in the field could provide the malaria
transmission profile to the healthcare workers and enable the effective malaria eradication strategy

[79].
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Figure 3-5: Species- and genus-specific tests using spiked whole blood samples. (A) The reagent
compact disc was configured as species-specific tests. The testing unit 1 and 2 contains Pf- and Pv-
specific primer sets, respectively. The testing unit 3 has a genus-specific primer set. Testing unit 4
is for internal negative control. (B) The result from a representative set of samples (i.e., Pf, Pv,
mixed, and healthy). A threshold of 100 RFU (dashed line) is experimentally determined for
positive and negative differentiation. The species information for a particular infected whole blood
sample can be derived from four qualitative results on the single microfluidic disc (each row).

3.8. Summary

The palm-sized nucleic acid testing device with quadruplex parallel reactions was developed and
validated towards a low-cost malaria screening test. The device could perform the integrated and
automatic sample preparation for parasite DNA extraction and streamlined real-time amplification
on a single microfluidic reagent disc. The quadplex device could be configured either as four
identical tests to increase the throughput or as four species-specific tests. The parallelization could
be easily scaled up if needed in the future. The quantitative ability of the device could enable
parasite load assessment for prescribing a correct dose of antimalarial drugs. The analytical
sensitivity against Pf-infected whole blood samples is ~0.5 parasites/pl, adequate for detecting
asymptomatic parasite carriers. The combination of the sensitivity, specificity, cost, and scalable

sample preparation suggests the real-time fluorescence LAMP device could be particularly useful
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for malaria screening in the field settings. Considering the limited reagent lifetime at room
temperature, the challenge of storage and transport of the liquid phase on the microfluidic reagent

disc needs to be addressed in our future studies, preferably with reagent lyophilization.



Chapter 4 High-throughput And Label-free Parasitemia
Quantification For Malaria-infected Red Blood Cells

As a potential label-free mechanical biomarker [100-105], the RBC deformability is highly relevant
to the malaria infection status, thus it can be used as an indicator for understanding malaria
pathophysiology. Although precise cell deformability at single cell level can be achieved using
conventional methods (e.g., micropipette aspiration [106], optical stretching [107], atomic force
microscopy (AFM) [108], and magnetic bead-based rheology [109]), widespread use of cell
mechanotyping in cell screening and medical diagnosis is still hampered by the low throughput

(10-10? cells/hour).

In Chapter 4, we will discuss a high throughput and label-free cell deformability microfluidic sensor
for quantitative parasitemia measurement and stage determination of Plasmodium falciparum-
infected red blood cells (Pf-iIRBCs). The cell deformability is measured by evaluating the
translocation time when each cell squeezes through a microscale constriction. More than 30,000
RBCs can be analyzed for parasitemia quantification in under 1 min with a throughput ~500 cells/s.
Moreover, the device can also differentiate various malaria stages (ring, trophozoite, and schizont
stage) due to their varied deformability. As compared to the microscopy and flow cytometry, this
microfluidic deformability sensor would allow for label-free and rapid malaria parasitemia

quantification and stage determination at a low-cost.
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4.1. Introduction to high-throughput parasitemia quantification by pf~iRBC
deformability characterization
Parasitemia is a critical parameter for quantifying the parasite load in the organism and indicates
the degree of an active parasitic infection. Quantitative measurement of parasitemia and stage
determination is important in many phases of malaria assessment, such as the diagnosis and the

therapy follow-up, particularly in the chronic phase [110].

The microscopy-based morphology analysis remains the gold standard for parasitemia
quantification. Although this approach can identify parasitemia as low as 0.001% [111], it has
several drawbacks, including the reliance of an expert reading Giemsa-stained blood smears,
subjectivity, low reproducibility and relatively low speed (5 mins/slide) [112]. The flow cytometry
was developed to overcome the speed limitation of the microscopy. However, the high cost of the
instrumentation and the labeling process limits its widespread usage [113]. Besides, both

microscopy and flow cytometry would require a time-consuming staining process for labeling.

It is well known that Pf-iIRBCs become increasingly rigid (less deformable) as they mature [114],
thus the deformability has the potential to be used as a mechanical biomarker to distinguish the
healthy and the infected RBCs at various stages. To date, various microfluidic-based methods have
been developed to interrogate cell deformability. For example, non-physical constraint-based
interrogation (hydrodynamic pressure, e.g., inertial microfluidics [115], and real-time
deformability cytometry [116]), and physical constraint-based interrogation (e.g., single micropore
[117], single microchannel [118, 119], and arrayed microchannels [120-122]). Despite success in
the qualitative measurement of P/~<iIRBCs deformability properties, a high throughput quantitative

parasitemia measurement has yet to be developed.
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In this chapter, we discuss a novel a label-free strategy for quantitative and high-throughput
parasitemia measurement and stage determination for Pf-iIRBCs using microfluidic cell
deformability sensor. The microfluidic sensor is capable of analyzing more than 30,000 RBCs
within 1 min (throughput ~ 500 cells/s). Moreover, the device is able to differentiate various malaria
stages among the ring, trophozoite, and schizont stage. We envision that the deformability sensor

will enable careful study on the pathophysiology of malaria-infected red blood cells.

Table 4-1: Summary of the microfluidic deformability characterization devices.

DC RT-DC iMCS SMR Deformability
Sensor
Cell Compression Hysd;:i}ﬁzzuc HySdtiZi};Eiznc Collision Constriction Constriction
Deformability Index Aspectio ratio Circularity Aspectratio  (Passage time)! Transit time
Detection Imaging Imaging Imaging Cantilever Electrical
Analysis Offline Real-time Real-time Offline Offline
Throughput (cell/s) 2,000 — 65,000 100 450 1 500
Physical Contact No No Yes Yes Yes
Ref. [115,123] [116, 124] [125] [126] [127]

4.2.  Cell deformability sensing principle

Figure 4-la shows the schematic and the corresponding equivalent circuit model for the
microfluidic deformability sensor. The device consists of a well-engineered micropore constriction
(5%5 um?) for the cell to squeeze through. The loading channel’s cross-sectional area (1000x25
um?) is much larger than that of the micropore to reduce the hydrodynamic and electrical resistance.
The electrical resistance of the microfluidic sensor is mainly dominated by the micropore
constriction (i.e., Rgqp is much larger than other resistances in Figure 4-1b. For a reason, significant
ionic current drop occurs during a single cell translocation event due to the reduced conductance at

the constriction.
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For electrical measurement, we typically applied a constant voltage (600 mV DC) across the
micropore constriction. The ionic current was monitored as each single individual RBC
translocating through the micropore. The ionic current traces were recorded by an amplifier
(Axopatch 200B, Molecular Devices, USA). The analog output of the amplifier was sampled with
a 16-bit DAQ card (NI PCI-6363, National Instruments, USA) and a data acquisition software
(LabVIEW) (Figure 4-1a). The sampling rate for the measurement was 100 kHz. A custom-built
MATLAB (MathWorks) program was developed to analyze the data off-line. The translocation
time (dwell time) was extracted from each cell when translocating the micropore. The time
threshold to differentiate the hRBC and the P/~iRBCs was set by the mean value plus three times

sigma of the hRBC dwell time (a Gaussian distribution).
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Figure 4-1: Deformability sensor for highly-throughput and label-free parasitemia quantification.
(b) The equivalent circuit model for the sensor.
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The micropore has a slightly smaller size than that of the RBCs, RBCs have to squeeze through the
micro-constrictions. As a cell pass through a micropore, the friction, which is a normal force to the
channel, determines the velocity of cell at micropore [128]. This normal force depends on cell
deformability. The higher normal force causes higher friction and slows down the cell transit
velocity, leading to a longer translocation time for stiff cells. Therefore, the cell translocation time
can be considered as an indirect indicator for the cell deformability. For example, the rigid Pf-
iRBCs will spend more time (on average) squeezing through the micro-constriction than the more
deformable healthy RBCs (hRBCs). The applied pressure, cell size, deformability, elastic modulus,
pore size, and the surface properties of PDMS and cells are all friction factors [129]. Parameters

other than the cell deformability remain constant for a given experimental setup for consistency.

4.3. Microfluidic deformability sensor fabrication

The cell deformability sensor was designed in a layout editor and printed on a transparent mask.
The polydimethylsiloxane (PDMS) replica was cast out from the SU8 mold. The casting mold was
fabricated by a standard double layer lithography process on a 4-inch silicon wafer. SU8 photoresist
with a thickness of 5 um and 25 um were used for the micropore area and loading channel area,

respectively.

The Au/Cr electrodes (20 nm adhesive Cr layer and 80 nm Au layer) were evaporated on cover
glass (thickness ~ 130 um, Ted Pella) through a laser machined Polymethylmethacrylate (PMMA)
shadow mask. To enhance the signal-to-noise ratio, the microelectrodes were positioned close to
the micropore area. The PDMS replica was permanently bonded to the cover glass through oxygen

plasma treatment.
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4.4. Device characterization

A mixture of polystyrene microbeads with diameters of 5 um and 10 um (with a concentration of
1x10°/ml and 3x10*ml, respectively) were used to validate the microfluidic device and the testing
apparatus (Figure 4-1). Figure 4-2a shows the current trace for the mixed microbeads. Figure 4-2b
shows the scatter plot and the histogram of the dwell time versus current dip amplitude (47). Two
separate populations can be clearly observed, representing the two different sized microbeads. The
percentage of each polystyrene beads measured from the device was consistent with the pre-mixed

ratio. This confirmed the functionality of the microfluidic device and the testing apparatus.
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Figure 4-2: (a) Current traces measured with the mixed microbeads of 5 pm and 10 pm in diameters.
(b) The scattering plot and the corresponding histogram for the measurement.
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4.5. Differentiating ring stage Pf~iRBCs and hRBCs

To validate the microfluidic sensor for differentiating ring stage P/~iIRBCs and hRBCs, the ring
stage Pf-iRBCs at 12% parasitemia and the control pure hRBCs were tested. To prepare the Pf-
iRBCs, we synchronized the cultured parasite with 5% D-sorbitol to ensure the ring-stage. Prior to
the electrical sensing measurement, 12% parasitemia was confirmed by standard Giemsa staining
thin smear microscopy method. A mixture of P/~iIRBCs and uninfected RBCs were mixed with 1x
phosphate buffer saline (PBS) for electrical measurement. The sample loading pressure applied to
the microfluidic device was 1-1.5 psi (corresponding to a flow rate of ~180 um/ms), leading to a

measurement throughput ~500 cells /s in our devices.
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Figure 4-3: The current trace for the P/<IRBC sample at 12% parasitemia. (b)-(c) The scattering
plot of dwell time and current dip for the pure RBC sample (b) and the Pf-iRBC sample at 12%
parasitemia (c). (d-e) Histogram plot of dwell time for the pure RBC sample (d) and the P/~<iRBC
sample at 12% parasitemia (e).
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Figure 4-3a shows a typical current trace, where the translocation time and the current dip for every
single cell can be extracted. Figure 4-3b shows the scattering plot of the dwell time and current dip
for the pure RBCs (100% hRBCs), while Figure 4-3c shows the case for the sample at 12%
parasitemia (i.e., ~12% Pf-iRBCs and ~88% hRBCs). A clear two populations were shown in

Figure 4-3c, representing the Pf~iIRBCs and hRBCs in samples at 12% parasitemia.

4.6. Parasitemia quantification

The microfluidic cell deformability sensor can not only qualitatively differentiate ring stage Pf-
iRBCs and hRBCs, but also quantitatively determine the parasitemia. With 2% serial dilution of the
Pf-iRBCs sample at 12% parasitemia, parasitemias of 12%, of 6%, 3%, 1.5%, 0.75%, 0.375%, and
0.1875% were prepared. These samples were tested with the microfluidic cell deformability sensor,
and translocation time for each parasitemia sample exhibited a similar two-peaked normal

distribution.

Figure 4-4 shows the scattering plot of the transit time and current dips for ring P/~iRBCs samples’
translocation events. A decreasing population with larger translocation time was observed when
the sample parasitemia was reduced (Figure 4-4a). The percentage of the Pf~iRBC population in
each sample was obtained by counting the cells of translocation time below a certain threshold. The
threshold was determined by the mean value plus three times sigma of the control sample with pure
hRBC (a Gaussian distribution). The parasitemia determined by this method was benchmarked with
that determined by the microscopy (Figure 4-4b). The agreement between these two methods
demonstrates the microfluidic cell deformability sensor can be used for parasitemia quantification.
More than 30,000 RBCs can be analyzed within 1 min. As a comparison, the microfluidic cell

deformability sensor is much faster than the microscopy with speed ~ 5 mins/slide [112].
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Figure 4-4: (a) Scattering plot of dwell time versus Al for RBCs with parasitemia of 12%, of 6%,
3%, 1.5%, 0.75%, 0.375%, 0.1875% and the healthy RBCs. (b) Parasitemia determined by the
microfluidic deformability sensor versus the parasitemia determined by the microscopy.
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Figure 4-5: Scattering plot of transit time versus ionic current dip for the P/~RBCs with various
parasitemia for (a) ring and (b) trophozoite Pf<IRBC. Corresponding parasitemia determined by the
microfluidic deformability sensor and the microscopy method for (¢) ring and (d) trophozoite Pf-
iRBC. Reprinted from ref. [127], Copyright 2017, with permission from Elsevier.

Yang et al. further explored the qualitative ability of the deformability sensor with trophozoite stage
Pf-iRBC [127]. The more population with longer transit time was observed as parasitemia increases
(Figure 4-5b). The parasitemia determined by deformability sensor and microscopy agreed to each

other with excellent linearity (R”>98%, Figure 4-5¢ & d). Such results further confirm the

parasitemia quantification ability with the trophozoite stage Pf~iRBC.

4.7. The ability for malaria stage differentiation

In the intraerythrocytic cycle, the P. falciparum parasites evolve from the ring stage to the
trophozoite and finally to the schizont stage. During this process, the stiffness of the red blood cells
increases monotonically from 8 uN/m to 16 uN/m at the ring stage and finally to 53 uN/m at the
schizont stage [114]. Therefore, the dwell time of the P/~IRBCs is expected to increase as parasites
develop into late stages. We performed the translocation time analysis for the P/~iIRBCs at different
stages using the microfluidic sensors. Figure 4-6 shows the dwell time for three different samples,
(1) the healthy RBCs (Figure 4-6a-b), (2) the mixture of healthy and ring-stage-only Pf-iRBCs
(Figure 4-6¢-d), and (3) the mixture of healthy and ring, trophozoite, and schizont stage Pf~iIRBCs
(Figure 4-6e-f). A clear right-shift of the dwell time can be observed from Figure 4-6a to Figure
4-6¢. Sub-populations of P/~iRBCs at different stages were distinguishable by multi-peak Gaussian
fitting of the dwell time distribution. This observation is consistent with the fact that P-iRBCs
become stiffer as parasites develop into late stages. As a result, the red blood cell deformability

could be used as a potential mechanical biomarker to differentiate malaria at different stages.
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Figure 4-6: Scattering plot of the current dip versus the translocation time and the corresponding
histograms for (a) healthy RBCs, (b) 12% infected ring stage iRBCs, and (c) a mixture of the ring,
trophozoite, and schizont stage parasites in RBCs.

To further evaluate the sensor’s stability to monitoring the stiffness change during an
intraerythrocytic cycle (~ 48 hours), Yang et al. continuously monitored the 2% P. falciparum
parasites with the interval of 5~8 hours [127]. The collected transit time data was used to analyze
the iRBCs deformability and parasitemia evolution and to benchmark with the microscopy method.
A right-shift of the transit time can be observed as culture time increases, implying the parasite
evolution from the ring stage and to the late stage of trophozoite and schizont (Figure 4-7a). The
result is again consistent with the fact that P/~<iIRBCs become stiffer as parasites grow during the
intraerythrocytic cycle. However, the clear turning point from stage to stage was not observed
during the intraerythrocytic period (Figure 4-7a). This is probably because the asynchronous Pf-
iRBCs contained various stages of Pf<IRBCs at a specific time [130]. This also explains the gradual

parasitemia increase during the intraerythrocytic cycle (Figure 4-7b). Ideally, parasitemia would
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not increase for one proliferation cycle (~48 hr). However, increases in parasitemia were also
observed with thin smear microscopy with high linearity (R>>96%, Figure 4-7¢) because the
asynchronous Pf-iRBCs already completed the first proliferation cycle and infected more hRBCs

[130].
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Figure 4-7: The analysis for the P/~iRBCs at different stages during the intraerythrocytic cycles. (a)
Scattering plot of transit time versus ionic current dip for the P/~IRBC during the intraerythrocytic
cycle at various time spots. (b) The parasitemia quantified by the deformability sensor and
microscope during the intraerythrocytic cycles. (¢) Comparison of parasitemia between the
deformability sensor and the microscope. Reprinted from ref. [127], Copyright 2017, with
permission from Elsevier.
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4.8. Summary

This work demonstrated an electrofluidic sensor for accurate and quantitative parasitemia
measurements. This microfluidic device uses the deformability as the mechanical biomarker to
differentiate the healthy RBCs and P. falciparum-infected RBCs. The electrofluidic sensor was
able to quantify the parasitemia in a very short amount of time (<1 min) by analyzing a large
population of red blood cells (>30 k) in high throughput (~ 500 cells/s) manner. Moreover, the
electrofluidic sensor is able to differentiate various malaria stages. As compared to the microscopy
and flow cytometry, this microfluidic device would allow for label-free, rapid, and low-cost malaria

parasitemia quantification and stage determination.



Chapter 5 Deformability-Activated Cell Sorting (DACS)

Gametocyte maturation in P. falciparum is a critical step in the transmission of malaria [21, 22],
thus realizing gametocytes in the bloodstream would be a powerful tool for surveillance in malaria
elimination setting [21]. However, one of the biggest challenges to recognize gametocyte in the

blood is its rarity.

In Chapter 4, we demonstrated that mechanical properties could be an excellent label-free
biomarker for recognizing malaria-infected RBCs. However, the current deformability
measurement device has not been integrated with deformability-based cell sorting, which is
essential for concentrating gametocytes. In this chapter, we will discuss the first single-particle-
resolved cytometry-like deformability-activated cell sorting (DACS) in the continuous flow on a
microfluidic chip. Compared with existing deformability-based sorting techniques, the microfluidic
device presented in this work measures the deformability and immediately sorts the cells one-by-
one in real-time. It integrates the transit-time-based deformability measurement and active
hydrodynamic sorting onto a single chip. We identified the critical factors that affect the sorting
dynamics by modeling and experimental approaches. We found that the device throughput is
determined by the summation of sensing, buffering, and sorting time. The total time of ~100 ms is
used for analyzing and sorting a single particle, leading to a throughput of 600 particles/min. We
synthesized poly (ethylene glycol) diacrylate (PEGDA) hydrogel beads as the deformability model
for device validation and performance evaluation. A deformability-activated sorting purity of 88%

and an average efficiency of 73% were achieved.
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5.1. Introduction to deformability-based sorting

Gametocyte concentration is informative for predicting parasite transmission potential to mosquito
[131]. Assessing the number of parasite present in the bloodstream is of interest to identify the
source of gametocyte carriers and to disrupt malaria transmission [132]. While molecular detection
of gametocytes could be a possible approach, genetic characterization is often limited because
gametocytes comprise a small fraction of the total parasites in the bloodstream [21]. Realizing a
fraction of gametocytes in the blood requires separation from asexual parasites and enrichment. In
addition to gametocyte density, gametocyte production time and their lifespan are critical factors
affecting malaria transmission [133]. Therefore, a reliable biomarker that can sort gametocyte, as

well as monitor gametocyte production, is urgently needed.

Several studies reported that matured stage gametocytes are more deformable than the asexual stage
parasites-invaded RBCs [134, 135]. This implies that cell deformability can be used as a label-free
biomarker for gametocyte separation and enrichment. Various microfluidic deformability-based
passive particle separation devices have reported (e.g., inertial microfluidics [7], pinch flow
fractionation [136, 137], acoustofluidics [138], and deterministic lateral displacement [114, 139,
140]). While these passive methods are effective and have good throughput, the quantitative
deformability information of an individual cell is inaccessible (see Table 5-2). A fluorescence-
activated cell sorting (FACS)-like device that measures the single particle deformability in real-
time and actively sorts the particles with a particular deformability property is highly desirable and
has yet to be developed. In recognition of this critical need, we here demonstrated a microfluidic
single-particle-resolved, cytometry-like deformability-activated sorting device. The device
seamlessly integrates single-particle deformability sensing and active hydrodynamic sorting into a

single microfluidic chip.
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Compared to existing deformability-based sorting techniques, the demonstrated microfluidic
device measures the deformability and immediately sorts the deformable particles one-by-one in
real-time. The deformability is measured by evaluating the transit time during which an individual
particle squeezes through a microscale constriction [141], while the active particle sorting is
implemented by hydrodynamic flow control. We studied the factors affecting the sorting dynamics
in a continuous flow by carrying out both modeling and experiments. To validate the device and
evaluate its performance, we synthesized PEGDA hydrogel beads as the deformability model cells.
We demonstrated a sorting purity of 88% and an efficiency of 73%. We achieved single-particle
processing (analyzing and sorting) time of 100 ms, corresponding to a throughput of 600
particles/min. We envision that the real-time deformability-activated cell sorting (DACS) can be

used to increase parasite detectability on gametocytes that commonly circulate at low densities.

5.2. Working principle

Figure 5-1A shows the schematic of a device that integrates single-particle deformability sensing
and sorting into a continuous-flow microfluidic chip. A buffering region was included to reduce
the crosstalk between the consecutive sensing and sorting. The deformability sensing was indirectly
performed by the previously validated constriction-based transit time measurement [118, 141-144].
Briefly, soft particles take less time to squeeze through the sensing pore, while rigid particles take
more time (Figure 5-1B). Therefore, the transit time is an indicative measurement of the particle
deformability. Immediately after measuring the particle transit time, a threshold-based triggering

signal was used for sorting.

The sorting was achieved by a hydrodynamic push-pull mechanism through pneumatic control.

Hydrodynamic sorting minimizes the potential damage to cell viability and requires no specific
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buffer solutions [145, 146]. Two identical sorting channels (S1 and S2) were filled with buffer
solutions and connected to two independently controlled high-speed solenoid valves (V1 and V2,
response time ~8 ms). Both valves were connected to the same pressure source (typically
approximately 0.3 psi). The pressure that drives each sorting channel was mediated by a solenoid
valve to generate digital V1-V2 combinations of 00, 01, 10, and 11 (note that 00 is not used since
the residue pressure is not well defined when the valve is off). Both valves were normally on (case
of 11); thus, the default flow in the sorting region was focused on the middle of the channel and
directed to the waste outlet (middle case in Figure 5-1C). If the transit time was shorter than the
sorting threshold (soft particle), V1 was activated (turned off, status 0) by a voltage pulse to
temporally direct the streamlines towards outlet 1 (top case in Figure 5-1C). The opposite action

was taken for rigid particles (bottom case in Figure 5-1C).

oy ®) ©) VieEE
5 - Soft
'/ c
> Soft Outlet 1 o e
Rigid 3
& © . V2 ON
: Time e
Sample In Buffering N V1 ON
- one
= gt —
....... S
Sehsing / o
/ eqSlnS?/, /2 Time VZON
. V1 ON
- Rigid
H / c
L ) GO r P E
5
o . V2 OFF
Time s

Figure 5-1: Deformability-activated particle sorting device principle. (A) A top-down image of the
microfluidic chip with various functional parts (scale bar: 50 um). Two sorting flows (S1 and S2)
were connected to the same pressure source and independently controlled by fast-response solenoid
valves (V1 and V2). The inset illustrates the micro-constriction structure for deformability sensing.
(B) Transit time-based deformability measurement. (C) Hydrodynamic sorting mechanism by
programming the solenoid valves V1 and V2. The left and right columns are the simulated
streamlines and the observed fluorescent dye (1 mM calcein) under different combinations of
pneumatic valve status.
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5.3. DACS instrumentation

5.3.1. Microfluidic DACS device fabrication

The photomask was designed using CAD software and printed on a transparent film. The SU-8
mold was fabricated by a two-step lithography process on a 4-inch silicon wafer. The regions with
heights of 80 um (loading/buffer/sorting area) and 15 pm (constriction micropore area) were
created using SU-8 2050 and 2010, respectively, and confirmed with a profilometer. The designed
constriction pore width was 14 um, optimized for our synthesized Poly(ethylene glycol) diacrylate
particles (diameter of ~14 um). A 10:1 w/w mixture of base and curing agent for
polydimethylsiloxane (PDMS) (Sylgard, Dow Corning, USA) was prepared. It was optional to add
Triton X-100 (EMD Millipore) with a volume ratio of 0.5% to increase the wettability of the
microfluidic channels [147]. Before bonding, fluidic inlets and outlets were punched using a
stainless needle (diameter of 0.75 mm). The resulting PDMS stamps were permanently bonded to

glass slides (100 pm thickness, Ted Pella) by oxygen plasma treatment.

To avoid the double-layer capacitance effect, we used custom-built Ag/AgCl electrodes to measure
electrical signal. Ag/AgCl electrodes were fabricated by chloriding 0.375 mm Ag wires (Warner
Instruments, Hamden, USA) in a 1 M KCI solution. A small hole was punched from the outside
wall of the tygon tubing, and Ag/AgCl electrodes were threaded through this hole into the inside
of the tube, followed by epoxy sealing. This customized tubing provides both electrical and fluidic

access to the microfluidic device.
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5.3.2. Testing Apparatus

Transit-time-based deformability sensing. The electrical measurement was performed inside a
customized Faraday cage to provide shielding from environmental noise. A syringe pump (Harvard
Apparatus PHD 2000) was used to introduce the sample into the microfluidic chip. A total of 500
mV was applied across the sensing pore, and the ionic current was continuously monitored by a
trans-impedance amplifier (DHPCA-100, FEMTO, Germany). The analog output of the amplifier
was sampled at 1 MHz with a 16-bit DAQ card (NI PCIe-6351, National Instruments). The data
were processed online using a real-time algorithm (LabVIEW) to extract the particle transit time

and the current dip when individual particles translocate the micropore (Figure 5-2).

Deformability triggered sorting. Electrically activated 3-way normally open solenoid valves
(S10MM-31-24-2, Pneumadyne) were used for pneumatic control. Both solenoid valves were
connected to a piezoelectric micropump (Elveflow AF1, France) with constant pressure (usually
from 0.3 to 0.5 psi). The solenoid valves were turned off through a DAQ-generated pulse, triggered
by comparing the transit time against a gating threshold time. The pulse duration was set to 40 ms.

Note that sensing and sorting occurred in real-time through custom-built LabVIEW pr(Figure 5-2).
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Figure 5-2: Detailed system diagram for the deformability activated sorting device. The real-time
deformability sensing algorithm detects the particle transit time within a rolling sampling window,
which is used to trigger a fast-switching solenoid valve for sorting.

5.4. Numerical simulation

5.4.1. Computational domain of the simulation model

A two-dimensional computational domain (Figure 5-3A) was used to explore the effect of the
parameters (e.g., sample flow rate, sorting pressure, the spacing between particles, and pressure
relaxation time) on the sorting performance. The Navier-Stokes equations (Eq. 1) and particle
tracing equations (Eq. 2) were used to model the particle motion in the microfluidic channel

network during the hydrodynamic actuation.

ou
prar =V [-pI + (VU + (VU)T)]

(Eq. 1)

V - U = 0 (Incompressible flow)

where pyis the fluid density, p is dynamic viscosity, ¢ is time, U is the fluid velocity, p is applied
pressure, and / is identity tensor. Constant volume flow rate boundary condition was used at the
sample inlet. The time-dependent pressure was applied in parallel sorting flows based on the sorting
configuration. To include hydrodynamic impedance (resistance and capacitance) in the model, a
characteristic time 7 (pressure relaxation time) was added in the time-dependent pressure profile.

The atmospheric pressure is applied as the outlet boundary condition.
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The particle motion was explained by the drag force exerted on the particle. The governing equation

for particle tracing is as follows:

dv
b _
mpg = FD
(Eq. 2)
1 ppd3
Fp = ;mp(U —vp). Tp = 1p8:

where Fp is the drag force, v, is particle velocity, m, is particle mass, p, is particle density, and d,
is particle diameter. The particles were assumed to be a circular shape with a density of 1050 kg/m?

and a diameter of 5 um.

The particle spacing time 7 is related to the sample concentrationas C = 1/WLH , where W is the
width, L is length, and H is the height of the channel (Figure 5-3B). The velocity of the particle V),

is V, = L/T;, where T; is time spacing between adjacent particles. ¥, can also be expressed in terms
of volume flow rate as I, = V/(WH), where V is the volume flow rate. Therefore, the particle

spacing time T} can be written as Ty = 1/(CV).

Table 5-1 summarizes all parameters and boundary conditions used in this study.
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Figure 5-3: (A) Computational domain of the simulation, (B) Illustration of two adjacent particles
in a continuous flow. Ts represents time spacing between particles, V, is the particle velocity in the
microfluidic channel. The minimum Ts (Tsmin) determines the maximum sorting throughput
(1/Tsmin). The constant Vp is assumed for the particles traveling on the identical streamline. H, L,
and W are height, length, and width of the fluidic channel in the sorting area.

Table 5-2: Effective sorting parameters used in the numerical simulation.

Symbol Parameter Value Unit
Uy Fluid dynamic viscosity 8.90 x 104 Pas
pr Fluid density 997 Kg/m?
Py Particle density 1050 Kg/m?
D, Particle diameter 5 pum

1% Volume flow rate Variable ul/h

p Pressure for sorting flow Variable psi

T Time interval between particles Variable Sec
Tmin Minimum T Variable Sec
Tvaive Valve response time Variable Sec
Tsens Sensing time window Variable Sec

T Pressure relaxation time Variable Sec

5.4.2. Factors affecting consecutive sensing and sorting under the worst-case scenario

While the device principle is straightforward, it involves many coupled processes that need to be
synchronized in the continuous flow. To gain deep insight into the proper experimental setup and
ensure device reliability, we set out to study the device sorting dynamics when operated under the
worst-case scenario. The worst-case scenario is defined as the case in which consecutive particles
are alternately directed to two sorting outlets, that is, the 1%tand 3™ particles are directed to outlet
1, while the 2" and 4™ particles are directed to outlet 2, and so on. In this case, it takes the longest

time to deflect the flow to achieve correct sorting.
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Figure 5-4: Factors affecting consecutive sensing and sorting under the worst-case scenario. (A)
Time sequence of the pressure profile for driving the two sorting flows (red for S1 and blue for S2)
under the worst-case scenario. Tsens: Sensing time, 7: system relaxation time, Tvae: valve pulse off
time, and Ts: particle spacing time. (B) Successful sorting regions in the Tvawe - Ts plot. Successful
sorting is defined as the case when the device can handle the worst-case scenario, that is when
consecutive particles are alternately directed into different outlets. 1/Tsmin corresponds to the
highest sorting throughput. (C) Tsmin as a function of the sample flow rate. (D) Tsmin as a function
of the sorting pressure. (E) Tsmin as a function of the system relaxation time.

Figure 5-4A shows the time-dependent pressure that drives the flow in the sorting channels S1 and
S2. In this schematic, it was assumed that successive particles arrive at the sensing pore with a
periodic interval 7 (time 1, 4, and 7). Specifically, at time 1, the first particle enters the sensing
pore. It then takes a time span of T.,s to complete the deformability measurement. Note that Tiens
should be longer than the intrinsic particle transit time to achieve a reliable measurement. At the
end of the deformability sensing (time spot 2), V1 is pulsed off with a duration Tyan.. This oftf-
duration can be programmed by the triggering voltage pulse. Note that the pressure that drives the

S1 channel does not immediately drop to zero when the valve is turned off. A relaxation time 7 is

always needed for the transition. This relaxation time comes from the hydrodynamic capacitance
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in the system and the solenoid valve response time. At time 3, V1 resumes normal ‘on’ status.
Again, the pressure that drives the S1 channel does not immediately jump to full pressure when the
valve is turned on. After another relaxation time 7, the device is ready for the next particle. At time
4, the second particle enters the sensing pore, and similarly, V2 is closed off by the triggering pulse

to direct this particle into the opposite outlet.

With the sequence shown in Figure 5-4A, we varied the simulation parameters and evaluated
whether consecutive sorting could be successfully performed under the worst-case scenario (Figure
5-5). We examined different combinations of valve actuation time 7yane and particle spacing time
Ts. Figure 5-4B illustrates the successful parameter region on the 7 - T\ map with a sample flow
rate of 10 pl/hr, sorting pressure of 0.5 psi, and 7 of 20 ms. As shown in Figure 5-4B, there is a
lower limit of Thaw. for correct sorting regardless of the particle spacing time 7. This lower limit of
the valve pulse time is determined by the system relaxation time 7 (usually 10-20 ms). This can be
easily understood by the fact that 7,... shorter than 7 will not lead to the required stable ‘off’
pressure for flow deflection. Figure 5-4B also shows that there is a lower limit of 7§ (denoted by
Tsmin). This means that two successive particles cannot be too close to each other for sorting under
the worst-case scenario. In addition, it is clear from Figure 5-4B that the upper limit of Tiane is
dependent on T This is not surprising since keeping the valve actuated longer than the particle

interarrival time would lead to the particle being incorrectly sorted.



(A) Successful sorting (sorting pressure 0.5 psi, sample flow rate 10 pl/hr)
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Figure 5-5: Simulation results of consecutive sorting with varying parameters. (A) Successful
sorting of consecutive particles. (B) Unsuccessful sorting occurs because sorting cannot catch up

with the fast appearing particles. (C) Unsuccessful sorting happens because excessive sorting
pressure causes backflow.

The Tmin annotated in Figure 5-4B essentially determines the sorting throughput (i.e., 1/Tgnin is the
highest achievable throughput). With the aim of improving the operation throughput, we studied
the effect of the sample flow rate, sorting pressure, and system relaxation time on Tymin. Figure 5-4C
shows that the throughput can be enhanced with a higher sample flow rate. However, the sample
flow rate cannot be arbitrarily high since the sorting cannot catch up with the fast-appearing
individual particles (Figure 5-5B). In our experiment, the sample flow rate was set to 10-20 pl/hr.
Figure 5-4D shows that the throughput can also be enhanced by using a high sorting pressure. This
is because the high pressure leads to high flow velocity in the sorting channel, which can deflect
the particle faster at the sorting junction. However, there is an upper limit of the sorting pressure,

beyond which particle backflow occurs (Figure 5-5C). In our experiment, the sorting pressure was
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set to 0.3-0.5 psi. Figure 5-4E shows that a smaller system relaxation time 7 can help enhance the
throughput. Therefore, use of a fast-response solenoid valve and reduction of the system

capacitance are preferred. Our system has a relaxation time of approximately 10-20 ms.

5.5. Validation of hydrodynamic sorting by order

To experimentally validate the simulation results, we prepared a polystyrene bead (Polyscience)
sample of concentration 10%ml with 1 mM calcein and 0.05% Tween-20 added and buffered in 1x
PBS. The calcein dye was added for flow streamline visualization. The sorting algorithm was
modified such that the beads were sequentially sorted to the opposite outlets based on their passing
order in the sensing region. For example, the 1%, 3™, and 5" would be directed to outlet 1, while the
20 4% and 6™ would be directed to outlet 2. The sample flow rate was 10 pl/hr, the sorting pressure
was 0.5 psi, and the trigger pulse was set to 40 ms for the solenoid valve (7yav—=40 ms). The sorting
dynamics were recorded using a high-speed CCD camera with a frame rate of 125 fps. Figure 5-6
shows the sequential particle deflection in the intended sorting sequence. Under the default
condition, the sorting flow pinched the sample flow (bright streamlines) into the center of the
channel and was directed towards the waste outlet. To deflect the 1%tand 3" beads, V1 was closed,
resulting in bead deflection towards outlet 1. Reversing the valve configuration drove the 2" and
4™ beads into outlet 2. This directional motion was described in the Zweifach-Fung effect [148],
where the particle moved towards the branch with a higher flow rate at the bifurcation. Guided by
the simulation results, this sorting-by-order experiment laid out the correct sorting parameter region

and paved the way for the following deformability-activated particle sorting.
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Figure 5-6: Validation of the hydrodynamic sorting by order. A single-layer microfluidic device
(height and width at the constriction region are 40 and 18 um, respectively) is used to test the
particle deflection. The frames shown are in sequence. Fluorescent dye (bright area) was used to
visualize the sample flow deflection (scale bar: 100 um).

5.6.  Synthesis of PEGDA hydrogel beads by droplet microfluidics

Poly(ethylene glycol) diacrylate (PEGDA, MW 700 Da) was first dissolved in deionized water to
yield the desired concentration (w/w). The thermal initiator Ammonium persulfate (APS, VWR)
was added to the PEGDA precursor solution at a 10% (w/v) concentration. The resulting solution
was used as an aqueous phase to synthesize water-in-oil microdroplets (Figure 5-7). The oil phase
consists of mineral oil (Sigma-Aldrich) and 1% Span 80 (w/w). The aqueous phase and oil phase
were introduced using a piezoelectric micropump (AF1, Elveflow, France) with pressures set at 2.3
psi and 4.5 psi, respectively. The synthesized droplets were harvested into a 1.5 ml tube and
incubated at 40 °C for 12 hours for polymerization. To remove the oil, we performed sequential
washing steps, using PBS with 0.05% Tween-20. Finally, the bead-containing solution was filtered
using a cell strainer with a mesh size of 15 pum (43-50015-03, pluriSelect, Germany). After

filtration, the uniform-sized beads were confirmed with the microscope (Figure 5-8).
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Figure 5-7: Synthesis of uniformly sized PEDGA hydrogel microbeads using microfluidic droplet
generator. (A) Uniform-sized water-in-oil emulsion (scale bar: 50 um). (B) Synthesized PEDGA
hydrogel microbeads under bright-field microscopy (scale bar: 20 um). (C) fluorescence image of
PEDGA hydrogel microbeads (scale bar: 20 um).

Before filtration After filtration

Figure 5-8: Microscope images of in-house fabricated 12.5% PEGDA hydrogel beads. The bead
size variation before the filtration comes from the pressure variations in the microfluidic droplet
generator chip. After the filtration, uniform beads with diameters of ~14 pm were obtained.
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5.7. PEGDA hydrogel microbeads as deformable gametocyte models

For various deformability studies, a major challenge is the lack of model particles with defined
deformability properties. While agarose beads were previously used for this purpose [149], we were
not able to make stable agarose beads in PBS for long-term measurements (Figure 5-9). To address
this issue, we switched to alternative materials. It is well known that the extent of polymeric
network cross-linking is related to the material mechanical properties [150, 151]. Therefore, we
manufactured customized deformable particles using PEGDA hydrogel microbeads as a
gametocyte model at various PEGDA concentrations (7.5%, 10%, 12.5%, 15%, 17.5% (w/w)).
These hydrogel beads were synthesized in-house using droplet microfluidics to ensure uniform size
distributions (see Figure 5-7 and Figure 5-8). Prior to the experiment, synthesized PEGDA beads
were filtered using a 15 pm mesh cell strainer for monodispersed samples in size. The bead size
uniformity was also confirmed with optical imaging analysis (Figure 5-8). Our synthesized PEGDA

beads were found to be very stable after months of storage.

1) 1% Agarose droplet generation

Figure 5-9: Agarose bead synthesis using a microfluidic droplet generator. (1) Generation of
agarose beads in mineral oil, (2) Agarose beads after gelation, (3) Agarose beads after washing,
and dispensed into PBS solution. We found the agarose beads start to coalesce with each other after
washing and dispensed into PBS solution. After about 1 hour, these agarose beads were fully
dissolved into the PBS at room temperature. This behavior is likely due to our agarose beads were
not strongly cross-linked.
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Figure 5-10 shows the results for the transit-time-based characterization of the model particles with
different PEGDA concentrations. Figure 5-10A illustrates the representative current traces. Single-
particle events were clearly observable. The transit time and current dip from each particle can be
extracted. The right panels in Figure 5-10A show representative events at different PEGDA
concentrations. Similar ionic current dips were observed for different PEGDA concentrations,
expected from the uniform particle size (Figure 5-7 and Figure 5-8). On the other hand, the transit
time becomes longer when increasing the PEGDA concentration (as can be clearly seen from the
representative cases in Figure 5-10A). Figure 5-10B shows the transit time distribution for the
model particles with different PEGDA concentrations. A clear right-shift of the transition time was
visible when increasing the PEGDA concentration. To quantify the relationship, Figure 5-10C plots
the transit time as a function of the PEGDA concentration. A linear relationship was observed,
similar to observations made in previous studies using agarose gel beads [149]. This well-
established relationship between the transit time and the PEGDA concentration confirms that the
transit time could be used as an effective deformability marker. It is interesting to note that the
transit time variance increases when increasing the PEGDA concentration (Figure 5-10C). This
observation is in good agreement with previous results on direct mechanical characterization [152].
We believe that the PEGDA-based deformability model particles would find various applications

in future cell-mechanotyping-related research [129].
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Figure 5-10: Characterization of the deformable PEGDA hydrogel beads. (A) Ionic current time
traces (left), and the enlarged view of a single representative particle with the transit time denoted
(right). (B) Distribution of the transit time of model deformability particles at different PEGDA
concentrations (N= 1243 (7.5%), 1243 (10%), 604 (12.5%), 765 (15%), and 928 (17.5%)). The bin
size is 1.1 ms. (C) Correlation between transit time and PEGDA concentration.

5.8. Deformability-activated sorting: throughput, purity, and efficiency

To evaluate our single-particle-resolved deformability-activated sorting, we used 7.5% and 14%
PEGDA hydrogel microbeads to represent two populations of particles of different deformability.
Both model particles have a mean diameter of 14 um. To distinguish these two populations under
the microscope, 1 mM calcein dye was added to the 14% PEGDA hydrogel microbeads (rigid
particles, red dashed circles in Figure 5-11). Each model particle was independently adjusted to a
concentration of 2x10%ml by adding PBS with 0.05% Tween-20. To prepare a mixed sample
containing both populations, equal volumes from each model particle-containing solution were

mixed thoroughly before loading to the microfluidic chip. The sensing window (7T..s) was set to 60
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ms since the particles had a transit time range of 5-25 ms (Figure 5-11B). To enhance the sorting
purity, the sorting algorithm was programmed to sort only particles with well-defined transit time
signals. Once the transit time (i.e., cell deformability) was measured, a corresponding solenoid
valve was trigged with a pulse duration of 40 ms (7 ane) to actuate the sorting. The transit time

threshold was set to 10 ms to distinguish between the soft and rigid populations.
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Figure 5-11: Device validation with deformability PEGDA hydrogel beads. The rigid particles
(with the dye added, bright edge) and soft particles (dark) are marked with red and yellow circles,
respectively. The pulse duration of the sorting signal was 40 ms in this experiment (scale bar: 100

um).

Due to the fluorescent dye in the 14% PEGDA hydrogel beads, we were able to trace the particles
by imaging to determine if the soft and rigid particles were correctly sorted. Figure 5-11 shows the
representative images of three particles sequentially passing through the deformability sensing pore
and then being sorted. As shown, it takes approximately 300 ms to correctly sort these three

particles, leading to a throughput of approximately 600 particles/min.

Table 5-2 summarizes the sorting results. It was found that ~88% sorting purities were achieved
for both soft and rigid particles. The incorrect sorting was mainly due to the insufficient time gap

(T) between consecutive particles. Our system has a relaxation time of approximately 20 ms. It
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takes approximately 40 ms for the sorting pressure to fully stabilize between high and low levels.
Therefore, the minimal particle spacing time (7imi» annotated in Figure 5-4B) is 40 ms. Any two
particles too close to each other could be sorted incorrectly. This observation matches the
simulation results, which indicated that minimal 7 is required for successful sorting under the

worst-case scenario.

Table 5-2 also shows the sorting efficiency for soft and rigid particles at 81.35% and 65.83%,
respectively. The average sorting efficiency for both types is 73%. The sorting efficiency was
mostly affected by the variations of the particle travel time between the buffering region and the
sorting region (Figure 5-1A) due to the parabolic laminar flow velocity profiles. If the time it takes
for a particle to travel from the buffering region to the sorting region is mismatched with the sorting
pulse ‘off” time, the corresponding particle will be directed to the waste channel. A straightforward
solution to this issue is to decrease the channel width of the buffering region (and extend the length
to produce a contact travel time). Another factor that affects the sorting efficiency is the accuracy
of the transit time measurement since this is the basis for the trigging signal. When the transit time
measurement is uncertain (e.g., multiple or partial peaks within the sampling window), our
algorithm ignores this particular particle, and no sorting action is taken. This contributes to some

of the particles being directed into the waste channel, which reduces the sorting efficiency.

Table 5-3: Sorting performance metrics using model soft and rigid beads.

Outlet Target # of soft beads # of rigid beads Purity (%)?®  Efficiency (%) "

Outlet 1 Soft 205 28 87.98 81.35
Waste - 24 67 - -
Outlet 2  Rigid 23 183 88.83 65.83

2 Purity defined as the particle fraction appearing at each collection outlet where the particles were intended to be.

b Efficiency defined as the ratio of target particles at the desired outlets to those at the inlet.
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5.9. Summary

In summary, we demonstrated a first-of-its-kind, single-particle-resolved, cytometry-like
deformability-activated sorting in continuous flow on a microfluidic chip. Compared to the bulk-
based deformability separation methods and traditional micropipette aspiration single-particle
deformability measurement, the demonstrated device stands out in terms of the tradeoff between
the throughput and the single-particle resolution. Both modeling and experimental results reveal
that there is a lower limit of the particle spacing (and thus an upper limit of the throughput) for
correct deformability-activated sorting. With the well-characterized PEGDA hydrogel beads, we
demonstrated an operation throughput of ~600 particles/min, which can be further improved by
reducing the system relaxation time. In addition, multiplexed channels could also be implemented
in the future to further enhance sorting throughput. We demonstrated a sorting purity of ~88% and
an efficiency of ~73%, which can be improved by introducing better particle spacing. For future
validation with polydisperse biological cells, an on-chip size filtration should be incorporated to

ensure that the cell size is suitable for squeeze-based deformability sensing.
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Chapter 6 Time-division Multiplexing Accessing (TDMA)
Microfluidic Device For High-throughput Resistive Pulse
Sensing

We demonstrated “first-of-its-kind” deformability-activated cell sorting (DACS) for gametocyte
enrichment in Chapter 5. While evaluating the sorting performance, we found that deformability-
based sensing is a rate-limiting step for deformability-activated cell sorting. To address this
limitation, multiple pore-based cell deformability sensing integrated with DACS can be considered.
However, the scalability of deformability sensing array is often limited by the cost because each
fluidic channel would require an independent measuring unit. An ideal multiplexed deformability

sensor should have a single output to interface with the single-input instrument easily.

In Chapter 6, we present a microfluidic time-division multiplexing accessing (TDMA) resistive
pulse sensing, in which the deformability of malaria-infected RBCs can be analyzed through a
scalable number of microfluidic channels. With an eight-channel microfluidic device and
polystyrene particles as a gametocyte model, we successfully demonstrated the single-end
multiplexed resistive pulse sensing with excellent scalability. Besides, the availability of multiple
sensing pores provides a robust mechanism to overcome the clogging issue, allowing the analysis
to continue even when some of the pores are clogged. We envision this microfluidic TDMA
approach could facilitate the future development of multiplexed deformability sensor and high-

throughput DACS.
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6.1. Introduction to microfluidic TDMA deformability sensing

High-throughput cell deformability sensing and deformability-activated sorting is essential for
analysis of rare gametocyte in the bloodstream. In this regard, multichannel deformability sensing
system have a clear advantage in terms of faster data collection and analysis throughput. The
integration of multiple channels into the same device also enables the analysis of the same sample
with different experimental parameters such as pore size. Besides, multiple pores also help to keep
the analysis running even one or few of the pores are clogged, a grand challenge in pore-based
resistive pulse sensors[153, 154]. In recognition of these benefits, efforts to simultaneously record
multiple channels will address the rate-limiting factor of deformability-activated cell sorting (i.e.,
deformability sensing, see section 5.8) and enable high-throughput and reliable sorting for
gametocyte enrichment. However, the scalability of the channel numbers is limited by the cost
because each fluidic channel would require an independent measuring unit. An ideal multiplexed
resistive pulse sensor should have a single output to interface with the single-input instrument
easily. To this end, one method employs the frequency division multiplexing for multichannel,
single-output resistive pulse sensing. Signals from multiple channels are modulated by an AC
signal with a single frequency and then recovered by digital bandpass filtering[155]. Another
method emulates the radio communication technique of code-division multiple access (CDMA) to
achieve an all-electronic, single-output interface[ 156]. As particles traverse encoding electrodes,
orthogonal digital codes are generated. Software algorithms were used to decode the output signal

to correlate each resistive pulse with its channel of origin.

Herein, we reported a microfluidic time-division multiplexing accessing (TDMA) single-end
resistive pulse sensor, which can be used for multiplexed gametocyte deformability sensing. In the
cellular communication field, TDMA allows multiple users to communicate with a base station

over a common channel through time-sharing[ 157]. The microfluidic TDMA resistive pulse sensor
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adopts a similar principle to multiplex the signal from many different fluidic channels. With a
single-ended data acquisition, signals from each channel can be reconstructed for particle analysis
in the corresponding channels. We successfully demonstrated a low-cost eight-channel resistive
pulse sensor for detecting polystyrene particles as a model gametocyte. Further scaling up the
multiplexity is straightforward and within reach. We also found that the multiplexed TDMA device
is able to continue the analysis even when a few channels are clogged, solving one of the most
significant challenges in pore-based resistive pulse sensor. We anticipate this single-ended time-
shared approach would facilitate the future development of multiplexed deformability sensor and

high-throughput deformability-activated cell sorting.

6.2. TDMA working principle

Figure 6-1a shows the block diagram of the microfluidic TDMA system designed to interface the
N-channel microfluidic resistive pulse sensor. The integrated TDMA system consists of the trans-
impedance amplifiers, an analog multiplexer, analog-to-digital converter (A/D), and demultiplexer.
The multiplexer sequentially reads the amplified analog signals from each sensing channel with a
switching frequency of f;. In other words, each channel is sampled every N/fssecond (i.e., the period
of a single TDMA frame, the top panel in Figure 6-1b) and digitalized by an A/D for data
acquisition. A demultiplexing algorithm reconstructs the signal for each channel using the scheme
shown in Figure 6-1Db. It is noteworthy that there is a tradeoff between the channel multiplexity N

and the effective channel sampling frequency using a fixed switching frequency.
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Figure 6-1: TDMA resistive pulse sensor working principles. (a) Time-division multiple access
block diagrams. (b) Illustration of the demultiplexing algorithm. The serial signal from the
multiplexer output was reconstructed for each channel. (¢) Microscope images of the 8-plexed
device. The enlarged image illustrates the particle translocation through the sensing pore. A micro-
filter is placed upstream to reduce the potential debris.

6.3. Scalability of TDMA

In our proof-of-principle study, we implemented an eight-channel microfluidic device with a
circular layout (Figure 6-1c). All eight channels have separated outlets, yet share a common inlet
(Figure 6-1¢). A micro-filter structure is designed near the common inlet to remove the potential
debris. In a typical experiment, the polystyrene particle translocation time was in the range of 8+2.7
ms (Figure 6-2). To resolve the single particle translocation event, each channel should have a

minimum sampling frequency higher than the Nyquist frequency (250 Hz). We used a switching
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frequency f; of 200 kHz for the eight-channel implementation. The equivalent single-channel
sampling frequency is 25 kHz, sufficient for resolving the single particle translocation. In fact, the
channel multiplexity can be scaled up to 800 if we work at the minimal Nyquist frequency. Note
that this TDMA principle could also be extended to microfluidic deformability sensors, in which
single-molecule translocation is usually much faster. For a typical dwell time as short as ~100 us

(Figure 4-2 in Chapter 4), the same 200 kHz switching frequency is sufficient to resolve ten

channels.

(a) (b)

—_— Py — 0

<< ] <

= i H“ =

=" 1 < -10

g g

5 5

o - ©-20

o Eel

@ £ : « .

% - %-30 ® Dip Currentdip | £30f - iF -

T I = Start ~20 .;.M'-' !

End <10 . .
-4@1.1 81.2 813 814 815 81.19 81.20 81.21 81.22 00 10 20

Time (sec) Time (sec) Transit time (ms)

Figure 6-2: Time trace for the 10 um beads. (a) Representative ionic current dips (b) Enlarged the
view of the current dip (red box from Figure 6-2a). The pulse has a transit time of ~8 ms and a
current dip of 22 nA. (c) Histogram of transit time for 10 pm beads. The distribution shows a mean
transit time of 8 £ 2.7 ms (N = 227).

6.4. TDMA integration

6.4.1. Microfluidic device fabrication

An eight-channel microfluidic device was designed using CAD software (Figure 6-3). The
photomask was printed on transparent film (CAD/Art Services, Inc.). The casting mold was

fabricated on a 4-inch silicon wafer using SU-8 2025 (MicroChem) through a standard lithography
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process. The mold height of ~35 pm was confirmed with a profilometer. The width and length of
the micropore were optimized to ~18 um and ~20 pm respectively. The microfluidic device was
fabricated using polydimethylsiloxane (PDMS) (Dow Corning). A 10:1 w/w mixture of base and
curing agent was cast onto the SU-8 wafer mold, degassed, and cured at 80°C for an hour. After
demolding the patterned PDMS, inlet and outlets were punched using a stainless needle (¢ = 0.75
mm). The resulting PDMS stamps and glass slides (100 pm thickness, ted-Pella) were treated with

oxygen plasma and in contact to form irreversibly covalent bonding between two materials.
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Figure 6-3: 8-channel microfluidic device layout. The enlarged view showed the resistive pulse
sensing unit, which has micropore with width, length, and height of 18 um, 20 pm, and 35 pum,
respectively. The customized tygon tubes with Ag/AgCl electrodes embedded were inserted into



86

common inlet and outlets on the microfluidic devices. The outlets were grounded, while the inlet
was biased at a constant voltage (400 mV).

6.4.2. TDMA hardware

The TDMA hardware circuit was implemented on a custom printed circuit board (PCB) (OSH
Park), which includes trans-impedance amplifiers (TL072, Texas Instruments), analog multiplexer
(ADG406, Analog Devices), and counter (dual negative-edge-triggered JK flip-flop: 74LS73,
Texas Instruments; 2-input AND gate: DM7408, Fairchild Semiconductor™) (Figure 6-4). Eight
sensing units from the microfluidic device were connected to trans-impedance amplifiers. A
feedback resistor (R= 1 MQ with 5% tolerance) was used to set the gain. The amplifier outputs
were connected as inputs to the multiplexer. The multiplexer channels were periodically selected
by a logx(N) bit synchronous counter. The sampling frequency for each TDMA frame was
synchronized to the multiplexer switching frequency. The analog voltage output from multiplexer
was sampled at 200 kHz with 16-bit DAQ card (NI PCle-6351, National Instruments) and stored
through a data acquisition software (LabVIEW, National Instruments). The recorded data were
demultiplexed using MATLAB (MathWorks) program. All electronic components and

microfluidic device were placed in customized Faraday cage to shield the environment noise.
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Figure 6-4: TDMA hardware design. (a) Electronic schematic diagram. The system includes trans-
impedance amplifier circuits, multiplexers, and counter circuits. DAQ provides the bias voltage for
ionic current measurement and a clock signal for the 3-bit counter. External DC power source was
used to provide the supply voltage for op-amps, multiplexer, JK flip-flop, and AND gate. (b) PCB
layout. The PCB has dimensions of 95x62 mm and is shielded by the Faraday cage to reduce the
environmental noise.
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6.5. Validation of the microfluidic TDMA principle

6.5.1. Validation of 8-channel resistive pulse sensing

To validate the 8-channel microfluidic resistive pulse sensor and the TDMA scheme, we tested
polystyrene particles (coefficient variance <10%, Polyscience) of 10 pum diameter at a
concentration of ~2.4x10° particles/ml. The polystyrene particles were mixed with 1x PBS buffer
(1X, pH 7.4) with 0.05% Tween-20 (TEKnova) to avoid particle aggregation. Prior to sample
loading, the microfluidic channels were prefilled with electrolyte (1x PBS with 0.05% Tween-20)
for electrical measurement. The prepared sample was introduced into the inlet of the microfluidic
device with a flow rate of 200 pl/hr using a syringe pump (Harvard Apparatus PHD 2000). The
signal from each of the eight channels was sequentially switched at 200 kHz into one single output
by the TDMA hardware. The digitalized combined signal was then demultiplexed to reconstruct
the time trace signal for each channel. Figure 6-5a shows the demultiplexed current time traces for
all eight channels. Apparent ionic current dips, corresponding to individual particle translocation
events, could be easily observed from all channels. These current dips were uniform in magnitude

due to the introduced monodisperse particles.

One of the concerns in TDMA resistive pulse sensing is the interference due to the signal leakage
in analog switching networks. The current dips in Figure 6-5a appear in random sequence, implying
that each channel can independently analyze the particles without crosstalk among channels. To
quantify the channel-to-channel crosstalk, we performed the cross-correlation analysis of ionic
current profiles among eight sensing channels and extracted the Pearson correlation coefficient.
Figure 6-5b shows the heatmap of the correlation between channels. The inter-channel correlation
is quite small (with coefficient ranging from -0.25 to 0.32), confirming the signal integrity in each

channel. Interestingly, the correlation seems alternating between the positive and negative value
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for channels separated by odd and even numbers, which is likely due to the characteristics of the

switching networks.
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Figure 6-5: Validation of TDMA resistive pulse sensor. (a) Reconstructed current time trace for
cach of the eight channels. (b) Cross-correlation among different sensing channels.

6.5.2. Analyzing particle size and concentration

To further validate the multiplexed sensing, we analyzed the particle size and concentration from
obtained resistive pulses during particle translocation events. As a particle sizing model, Gregg and
Steidley’s expression was suitable for the case when sphere diameter is approaching to the orifice
diameter. The expression was derived from the following relation,

dz
k= pf@ 1)

where R is the resistance of the tube, and A(z) is the cross-sectional area of the tube where the area

does not contain the sphere. The tube is centered on the z-axis; thus, particles flow toward the z-
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direction. The current density across the orifice cross-section is assumed to be uniform. To
incorporate the varying 4(z), A(z) = mD,*/4 for empty orifice and A(z) = E(Do2 —d+ 42?)
for the sphere containing orifice were substituted into the (Do: diameter of orifice, ds: diameter of
the sphere). Since the model was derived from Eq. (1), a uniform current density is desired across
the cross-section of the orifice for optimal estimation (e.g., particle size comparable to the orifice
diameter). Based on this rationale, we chose Gregg and Steidleye’s model since our polystyrene

bead diameter is similar to the sensing pore diameter.

The relative resistance changes (4R/R) caused by particle translocation at a sensing pore is

described by the following particle sizing equation [158],

A_R_R arcsin(d/D) 3 ﬂ
R L|J/1—(@/D)? D @)

where d is particle diameter, D and L are cylindrical orifice diameter and length, respectively. For
the rectangular micropore, we substitute D = (4xWxH/m)"?, where W and H are a sensing pore
width and a height, respectively. AR/R was extracted from the data using MATLAB (MathWorks),
and particle diameters were obtained by Eq. (2). Note this particle sizing model does not take into

consideration the correction factor [158] and thus can lead to uncertainty in size determination.

To calculate the particle concentration, total particle counts from the eight sensing units were
divided by the total introduced sample volume. The total particle counts were extracted by counting
the resistive pulses using the peak-detection algorithm in MATLAB (Figure 6-6). The total

introduced sample volume was obtained from the multiplying volume flow rate by the elapsed time.
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Figure 6-6: Validation of custom-built peak detection algorithm. The algorithm continuously finds
the local minimum value and signal baseline. The current dip was calculated by subtracting the
local minimum value from the signal baseline. Minimum peak values for individual resistive pulses
were marked by blue circles.

To test the multiplexed TDMA resistive pulse sensor for particle sizing, we extracted the relative
resistance changes (4R/R) from the detected resistive peaks in Figure 6-5a. To determine the
particle size, we applied the particle sizing model using Eq. (2). Figure 6-7a shows the particle
diameter distribution in each channel, together with a combined distribution from all channels. The
combined distribution follows a Gaussian distribution with a mean value of ~9.5+0.54 um. The
calculated particle diameter is comparable, yet smaller than the actual particle size (10 um). The
under-estimation of the particle diameter may come from the fact that the particle sizing model

assumes particles pass through the centerline of the pore [159]. Motion displacement from the

center axis could cause the underestimation. It was also observed that the mean particle diameter
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varies among eight individual channels (Figure 6-7a). This is likely due to the channel-to-channel
size variation during the device fabrication and during the experiments (e.g., adsorption of small
debris near the pore region). Strategies to improve each of these issues could help to narrow the

size distribution.

Since each current dip event represents a single particle and the particle arriving events follow the
Poisson process (Figure 6-8), the particle concentration at 95% confidence interval was calculated
as (n+ 1.96(n) *)/(vT), where n is the total number of particles counted from all 8 channels, T'is the
total elapsed time, and v is the volume flow rate. The relative uncertainty of inferring the
concentration is proportional to n”/. Figure 6-7b shows the calculated concentration as a function
of total counted particles. After counting about 1000 particles, the calculated concentration
converges to that of the input sample (2.4x10° particles/ml) with little uncertainty. The standard
deviation is mainly because particle arriving dynamics to the individual microconstrictions follows
the non-homogenous Poisson process (see Section 6.6 for details). To minimize the deviation,

symmetric flow streamlines from an inlet to multiple outlets through all constictions are required.
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Figure 6-7: Particle size and concentration measurement. (a) Histograms of the calculated particle
diameters from each individual sensing channel (Ncni:131, Neno: 309, Nens: 104, Nens: 97, Nens: 124,
Nene: 94, Nenr:102, Nens: 223). Distribution of the entire particle diameter data set was plotted with
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Gaussian-fit (Naj: 1184). (b) Calculated concentration as a function of the counted particles. The

error bars correspond to the Poisson noise. The actual polystyrene particle concentration (~2.4x103
particles/ml) is indicated by the red dashed line.

6.6. Probing the particle arriving dynamics

A quick eyeball on the current time traces in Figure 6-5a reveals that the particle translocation
frequency varies among different channels. To probe the particle arriving dynamics, we examined
the event inter-arrival time distribution for each channel. As shown in Figure 6-8a, the inter-arrival
time distribution shows a remarkable exponential distribution for each channel, indicating a Poisson
process [160]. Each channel was fitted with an exponential distribution, P(t) = et where 1 is
the expected particle translocation rate. As shown in Figure 6-8a, the particle arriving rates among
different channels ranges from 0.79 s! to 3.12 s!, implying the introduced particles prefer certain
channels. This is likely because the effective dimension for each sensing pore is not perfectly
identical due to variations in the fabrication and the potential adsorption during the experiment.

This creates asymmetric streamlines that lead the particles into preferred channels.
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Figure 6-8: Particle translocation dynamics. (a) The normalized distribution of bead interarrival
time in different channels, with exponential fits to the distributions (Achi: 3.12 871, Aen2: 0.98 71, Aens:
0.79 s, Aena: 0.83 87, Achs 1.21 87, Aene: 0.88 57!, Aenr: 1.88 71, and Aens: 1.13 s7). (b) Cumulative
counted particle numbers versus the elapsed time.

To further examine whether the observed Poisson process is homogenous or nonhomogeneous, we
plotted the accumulative particle number versus the elapsed time. As shown in Figure 6-8b, the
slope of the curve (i.e., the translocation rate) is different among channels, consistent with what we
observed from Figure 6-8a. However, the slope of the curve for each channel shows a clear time-

dependence. This indicates the translocation rate for sub-processes indeed varies. Therefore, the

particle translocation process of our experiment is a nonhomogeneous Poisson process.

6.7. Analyzing a mixed population

To test the microfluidic multiplexed TDMA resistive pulse sensor for analyzing a mixed
population, we prepared a mixed sample containing 10 um and 15 um polystyrene particles
(coefficient variance <10%, Polyscience) with concentrations of ~2.4x10° ml! and ~0.8x10° ml,
respectively. Figure 6-9a shows the demultiplexed current time traces for all eight channels, and
Figure 6-9b shows an enlarged section from channel 4 (red boxed area). As expected, we observed
two distinct levels of current dips corresponding to the two size populations. Other channels also
show similar two population characteristics. Using the particle sizing model Eq. (2) and combing
events from all channels, the particle sizes were calculated, and their distribution is shown in Figure
6-9c¢. The particle size distribution shows evident two populations with a mean value of 9.31 + 0.40
pum (10 pm particle population) and 12.46 + 0.48 um (15 pum particle population), respectively. The
underestimation for each population is likely due to the same reason, as we saw in Figure 6-7a. The

particle numbers counted for each population is 1233 and 355, the ratio of which (~3.47) is close
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to that of the input concentration value (~3), confirming the discriminative ability between these

two populations.
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Figure 6-9: Discriminating particles of different sizes. (a) Reconstructed current time trace for each
of the eight channels. (b) Enlarged view of ionic current in channel 4 (red) showing representative
pulses from a mixture of 10 um and 15 um diameter particles. (c) Distribution of the particle size,
with Gaussian-fit. A clear two population was observed. (Nioum: 1233 and Nisum: 355). (d)
Microscope images showing the pore-clogging in channels 6 and 7 (Scale bar: 20 um).

6.8.

Robustness against pore-clogging

While we did not see any clogging issue when testing the 10 um sized particles (Figure 6-5a), a

clear feature observed in Figure 6-9a when testing the 15 um sized particles is that two out of eight

channels (channel 6 and 7) show no particle translocation events. We examined the sensing pores

using a microscope after the experiment. It was found that channel 6 and 7 were indeed clogged by

particle jamming at the pore (Figure 6-9d). This is not surprising since the pore cross-section is of

dimension 18 pmx20 pmx35 pm (WxLxH). When 15 pm sized particles were introduced, the

chance for clogging becomes much higher. Such irreversible clogging is a well-known issue for
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single-channel resistive pulse sensors that limits its flexibility in real-world applications[153, 154].
In contrast, the TDMA multichannel resistive pulse sensor allows the analysis to continue even

when some of the pores are clogged (Figure 6-9c).

6.9. Summary

By introducing the time-division multiple access technique in the telecommunication field into the
microfluidic field, we developed and demonstrated the multiplexed microfluidic resistive pulse
sensor, which can be adapted for multiplexed gametocyte deformability sensing. The microfluidic
TDMA resistive pulse sensing technology allows each channel to transmit its temporal signal in
rapid succession to a single electrical outlet, using a defined time slot with a defined order, which
can then be used to recover the signal from each channel by a simple demultiplexing algorithm.
With the prototyped TDMA instrumentation and the eight-channel microfluidic device, we
validated the multiplexed microfluidic TDMA principle. Besides, the availability of multiple
sensing pores provides a robust mechanism to fight against the clogging issue, allowing the analysis
to continue, which is otherwise not possible in single-channel devices. While the TDMA resistive
pulse sensing technology is validated in microfluidic devices in this study, we expect this proof-of-
concept could be well extended to future development of high-throughput deformability-activated

cell sorting.



Chapter 7 Conclusion and Perspectives

7.1. Conclusions

This dissertation presents novel microfluidic methods to achieve molecular and cellular detection
of malaria for elimination. The demand for screening of asymptomatic infections and surveillance
of transmission has been steadily increased. Besides, the effort of understanding the underlying
mechanism of malaria pathophysiology is greatly helpful for researches in drug development. To
this end, advanced translational technologies such as microfluidic lab-on-a-chip are of high
importance to bring practical malaria elimination strategy to the field. Despite the extensive

technological efforts, following two aspects have not been fully resolved yet:

(1) There is an unmet need for existing diagnostic devices that fulfill Affordable, Sensitive,
Specific, User-friendly, Rapid and robust, Equipment-free, and Deliverable to end-users
(ASSURED) criteria.

(2) There is a lack of tools to investigate the degree of illness and to understand the underlying

mechanism of malaria transmission.

The thesis suggests novel technological solutions to tackle such demands with the following
approaches: (1) lab-on-a-disc nucleic acid testing and (2) cell-based detection using microfluidic

cell mechanotyping.

In the effort to deliver a highly sensitive diagnostic system in the field, we developed a "sample-
to-answer" nucleic acid testing platform. The unprecedently integrated system facilitates

streamlined parasite DNA extraction, purification, and real-time detection on a single reagent
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compact disc. For the automated sample process, energy-efficient magnetic interaction was
implemented to move the nucleic acid bearing magnetic beads to the desired liquid chambers in the
reagent disc without fluid motion. We demonstrated that the device could deliver molecular
answers from a small volume of the raw blood sample with a detection limit of ~0.5 parasites/ul in
40 minutes. This level of sensitivity is sufficient for identifying asymptomatic parasite carriers in

the field.

The technological effort to improve the scalability and throughput of the field-deployable nucleic
acid testing is accomplished by the development of a multiplexed nucleic acid testing platform.
The system performs the entire DNA sample preparation for four samples and subsequent LAMP-
based nucleic acid tests in parallel with minimal user intervention. We demonstrated the system's
ability to identify two malaria species (P. falciparum and P. vivax), which are the majority of fatal
infections in malaria elimination-phase countries. This technological advancement enables high-
throughput, sensitive, and species-specific malaria detection for mass screening and surveillance
of transmission as well as epidemiological studies to understand species prevalence and co-

infection patterns.

As an effort to investigate the life cycle and malaria pathophysiology, novel microfluidic cell
mechanotyping was suggested. We explored the label-free mechanical biomarker (i.e., cell
deformability) using a cell deformability sensor. It was found that cell deformability is an excellent
indicator to determine the red blood cell states in parasite-invasion. Using this mechanical
biomarker, we demonstrated the ability of parasitemia quantification and parasite stage
differentiation in the asexual cycle. The microfluidic platform offers numerous benefits, such as
rapid data collection (~500 cell/sec), label-free, and secure sample handling in a cell-friendly liquid
environment. These benefits allow a wide range of engineering applications (e.g., multiplexed cell

detection and hydrodynamic cell sorting) that can be used for cell mechanotyping research.
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Upon the development of a cell deformability sensor, a further effort was made to collect cells of
interest based on their mechanical properties. The seamless integration of transit-time-based
deformability sensor and hydrodynamic sorting onto a single microfluidic chip enables the single-
cell-resolved real-time deformability-activated sorting in a continuous flow. The active sorting
allows the comparison experiment that requires a sorting condition to be varied within the same
device. Besides, the individual cell's quantitative deformability information is accessible. We
analyzed the factors affecting the sorting dynamics (i.e., sample flow rate, sorting flow pressure,
and system relaxation time) with modeling and experimentally evaluated the sorting performance
(i.e., throughput, purity, and efficiency). We found that the device throughput is determined by the
summation of sensing, buffering, and sorting time. This DACS system has potential usage in

detecting and enriching a rare population of mature gametocytes in the bloodstream.

Regarding the constriction-based cell deformability sensor, we realized the need for developing a
multichannel system that enables both fast data collection and high throughput analysis. However,
the scalability of the channel numbers is limited by the cost because each fluidic channel would
require an independent measuring unit. In the effort to rectify this limitation, the time-division
multiple access (TDMA) technique in the telecommunication field was combined with the
microfluidics resistive pulse sensing. Through time-sharing, TDMA allows multiple sensing units
to monitor cell translocation event with a single-ended data acquisition. This scalable technique
would serve as a building block for large-scale integration of future multiplexed deformability

sensor and high-throughput deformability-activated cell sorting.

In summary, the significant contributions of this thesis are as follows:

(1) We provided an unprecedently integrated sample-to-answer mobile nucleic acid testing device

for highly sensitive detection of asymptomatic carriers in the resource-limited area.
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(2) We improved throughput and scalability of the mobile nucleic acid testing device that can

perform four species-specific nucleic acid tests in parallel on a single test disc.

(3) We experimentally realized that cell deformability is a promising label-free biomarker for rapid

parasitemia measurement and parasite stage determination.

(4) We demonstrated a first-of-its-kind, single-cell-resolved, cytometry-like deformability-

activated cell sorting in continuous flow on a single microfluidic chip.

(5) We provided a novel microfluidic TDMA resistive pulse sensing technique for scalable and

high-throughput cell mechanotyping.

7.2.  Future perspectives

Several important aspects should be addressed in the future research.

In response to the lack of highly sensitive field-deployable point-of-care diagnostics, we
successfully developed a sample-to-answer nucleic acid testing device. The system offers the
benefits of a rapid diagnostic test (RDT) (i.e., fast, low-cost, minimal training, and minimal sample
handling) and lab-based nucleic acid testing (NAT) (i.e., high sensitivity and specificity).
Therefore, the system is particularly useful for screening potential carriers who may be highly
contagious and seek private self-testing at home before visiting public hospitals. The integrated
isothermal amplification assay and automation of magnetic bead-based sample handling by
programmable magnetic interaction on a microfluidic chip can be easily extended for many other

infectious virus such as HIV, Zika, and COVID-19.
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Second, we have evaluated the technical performance of the device with a mimicked malaria-
infected sample (e.g., malaria cultured red blood cells mixed with whole blood and parasite DNA
spiked whole blood sample). However, the measure of diagnostic accuracy has not been carefully
studied yet. This often involves the assessment of diagnostic performance (e.g., receiver-operating
characteristics, detection threshold, and diagnostic sensitivity and specificity), which is conducted
by the comparison of the diagnostic results from the proposed device and a reference standard
technique such as PCR using clinical samples. The proof-of-concept ultracompact and self-
sustainable nucleic acid testing device is ready to be deployed in the field for evaluating diagnostic

performance.

On the microfluidic cell mechanotyping, there exists exciting technological advancements and real-

world applications that have not been explored.

First, all constriction-based cell deformability characterization is only valid under the assumption
of identical cell size. However, the non-uniformity of the cell size distribution is typical for
biological samples, limiting the reliable and comparable deformability measurements. To decouple
the size factor from cell deformability measurement, we can consider independent cell size and

deformability measurement using two-stage micro-constrictions as two measurement units [161].

Second, physical measures of cell mechanotyping such as cell compressibility, elastic modulus,
stiffness, and deformability are new to clinicians and biologists, who are more familiar with FACS-
based molecular assays. Combining capabilities for measuring deformability and fluorescence will
provide multi-dimensional information, addressing the specificity issues, and accelerate the
adoption of deformability sensor [124]. Such a hybrid setup will be useful where correlational
studies between molecular properties and mechanics of specific target cells are required, such as

drug screening.
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Third, it is essential to improve the throughput of the deformability-activated cell sorting system
for rapid cell enrichment. It was found that the minimum resolvable cell spacing determines the
sorting throughput. Various hydrodynamic spacing and ordering techniques (e.g., single-cell
dispensing [162] and inertial microfluidics [163, 164]) can enhance the sorting throughput.
Multiplexed deformability-activated cell sorting system using TDMA resistive pulse sensing

method can also be considered as scalable approaches.

Fourth, the thesis successfully demonstrated the deformability-activated cell sorting with
synthesized hydrogel beads as deformable model cells. It would be a more promising technology
if the device can sort the actual biological cells, such as gametocyte. Deformability-based sorting
validation using gametocyte would be particularly useful for testing the efficacy of a transmission-

blocking drug [132].

Overall, microfluidic lab-on-a-chip diagnostic technology has a bright future. A combination of
multidisciplinary knowledge such as electronics, microfluidics, optics, and biochemistry maximize
the benefits for ideal biomedical sensing systems in terms of sensitivity, specificity, accessibility,
turnaround time, and cost. Microfluidic molecular and cellular detection strategies presented in this
dissertation guide advanced translational technologies that are clinically useful for malaria

diagnosis and treatment in the elimination-phase setting.
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