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ABSTRACT OF THE DISSERTATION

Magnetoresistive Devices for Biosensing Applications

by

Chih-Cheng Huang

Doctor of Philosophy in Materials Science and Engineering

University of California San Diego, 2020

Professor Drew A. Hall, Chair

Facing unprecedented population-ageing, noncommunicable diseases (NCDs)
have become the primary risk of death. According to the World Health Organization

(WHO), more than 80% of deaths are caused by NCDs in countries where at least 20% of
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the population is over 60 years old. Inevitably, the growing impact of NCDs necessitates
changes to the contemporary healthcare system that was designed many decades ago.
One of the key factors of NCD management is to transition diagnostics from centralized
laboratories closer to the patient in point-of-care (PoC) settings. PoC settings provide high
effectiveness, low cost, easy access, and fast turnaround, PoC diagnostics exhibits timely
detection and treatment monitoring of cancers where early detection has a huge impact
on the treatment outcome and survival rate while simultaneously reducing the economic
burden. Optical-based instrumentation is still the workhorse in clinical diagnostics,
however, such instrumentation requires complex optics, lasers, and photodetectors
making it hard to translate to the PoC. To address cancerous detection for NCD control, a
magnetic biosensor provides an alternative platform for PoC-friendly settings like rapid

turnaround time and miniaturization without the loss of sensitivity.

In this dissertation, magneto-biosensing techniques for cellular and molecular
assays are presented. We developed a magnetic flow cytometer (MFC) using a giant
magnetoresistive (GMR) biosensor and matched filtering to perform aptamer-based
cellular assays. This work established the strategy of system design for dynamic
throughputs and improved the accuracy to 95%. We extended the results to detect
pancreatic cancer cells with over-expressed epidermal growth factor receptor (EGFR).
The magnetic measurements were highly correlated with optical signal, revealing the
future clinical potential. In terms of molecular detection, we implemented time-domain
magnetorelaxometry (MRX) on GMR devices. An ultrafast electromagnet was designed to
minimize the deadzone and allow the investigation of Néel relaxation. The effect of the

applied magnetic field and magnetization time were explored to understand the relaxation

XiX



process. The results showed excellent agreement with the empirical trend describing the
relaxation based on natural-log behavior. We used these findings to optimize the system
and perform a proof-of-principle magnetic immunoassay, the first time that GMR sensors

have been reported for an MRX bioassay.
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Chapter 1. INTRODUCTION

1.1 Transformation of Healthcare

Dramatic improvements in medicine and the healthcare system over the past
century have increased the average life expectancy worldwide as a result of better
understanding of disease processes, new treatments, and advances in pharmaceuticals.
However, most healthcare systems globally are a sick-care system which was designed
in the post-World War 2 eral. The sick-care system was not designed to prevent disease
but instead to diagnose and treat illness, hence the reactive action only after a patient
becomes sick. The reactive approach is expensive and ineffective to meet the needs of
the contemporary healthcare system, especially the management of noncommunicable
diseases (NCDs), which have become the primary risk of death with unprecedented
population-ageing?. As a result, transformation of healthcare can be summarized with five
major shifts (Figure 1.1) from: 1) reactive care to proactive care, 2) one-size-fits-all to
personalized care, 3) institution-centered healthcare to decentralized healthcare, 4)
paternalistic to patient empowerment, and 5) volume-based healthcare to value-based

healthcare.
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Figure 1.1 lllustration of transforming healthcare from Ref. 1

To address the need during the transformation, one of the enablers is the global
deployment of point-of-care (PoC) detection that can improve disease management while
reducing cost and increasing accessibility. PoC technologies have the potential to improve
the management of various diseases and conditions, especially in resource-limited
settings where healthcare infrastructure is weak and access to quality and timely medical
care is a challenge. These tests offer rapid results, allowing for timely initiation of

appropriate therapy and/or facilitation of linkages to care and referral. Most importantly,



PoC devices can be simple enough to be used at the primary care level and in remote

settings with no laboratory infrastructure.

1.2 Magnetoresistive Biosensors

Many technologies have improved the feasibility of PoC testing using optical
biosensors®#, field effect transistor (FET)-based biosensors®’, electrochemical
biosensors®1°, and magnetic biosensors''-’, amongst many others. Optical-based
instrumentation is still the workhorse in clinical diagnostics where techniques such as
fluorescence-activated cell sorting (FACS) and enzyme-linked-immunosorbent assays
(ELISA) that offer multi-parameter and quantitative analysis for cellular and molecular
analysis, respectively. However, such instrumentation requires complex optics, lasers, and
photodetectors making it hard to translate to the PoC. Complementary metal-oxide-
semiconductor (CMOS)-based optical biosensors have integrated the necessary
components into portable formats*!81%; however, the devices still fall short of the PoC
promise due to the need for extensive sample pretreatment and bulky optics that require

sophisticated operation and long turn-around.

For the past two decades, magnetic biosensors have received considerable
attention as they offer several key advantages, e.g., fast turn-around, ease of pre-
treatment, matrix-insensitivity, and portability, over conventional and competing sensing
methods?%-34, Like an ELISA, a magnetic immunoassay (MIA) relies on two antibodies that
form a sandwich structure around the biomarker of interest to achieve high specificity.
However, the optical label in an ELISA is replaced with a 10 — 50 nm magnetic nanoparticle

(MNP) in the MIA. This switch of label has been shown to retain sensitivity in unprocessed



samples due to the lack of magnetic background signal®?, reduces the need for tedious
sample preparation®, allows for sample manipulation with magnetic fields*¢:3’, and

enables real-time monitoring of the binding kinetics?.

Early work developing magnetic biosensors can be traced back to 1990’s, and since
then researchers have demonstrated biosensing using a host of different magnetic
sensors ranging from superconducting quantum interference device (SQUIDs)38, inductive
sensors®®, hall effect®®3, flux-gate magnetometers*®, to magnetoresistive (MR)-based
sensorst41-43. Among the many magnetic sensors available today, MR-based devices
standout for PoC applications. In addition to the inherent advantages of magnetic
biosensing, MR biosensors can be operated at room temperature, have high low-field
sensitivity, and have comparably high transduction efficiency. To address the need for
NCD management and PoC deployment, the application of MR biosensors can be

considered in two aspects: cellular diagnostics and molecular diagnostics.

1.3 Cellular Diagnostics using Magnetoresistive Biosensors

For cellular detection, MR-based magnetic flow cytometers (MFCs) have evolved

over several decades!!153%44-50 Tg enable high throughput applications, most MFC works

Cross—sectional Area, fiydics

exploited high area-ratio microfluidics ( > 10) to facilitate detection

Surface Areasensor
and accommodate a large amount of sample354448:49.51-54 \While the magnetic signal relies
on the proximity sensing that is inversely proportional to the distance cubed between the
MNP and the sensor®. As such, high area-ratio microfluidics would lose most signals when
MNP-decorated analytes flow through. Some MFC works exploited magnetic

chevrons®#449 or electrical current lines®® to guide the MNPs, which are close to the



bottom of the channel, concentrated over the patterns and jetted successively to roll over
the designated sensor area. This kind of design improved the detection efficiency when
more analytes were coming onto the area, while it needed relatively slow linear flow to
ensure the surficial contiguousness of MNP-decorated analytes. Furthermore, the system
using magnetic guides not only limited the throughput but also brought about the issue of
sample clogging (which is knottier). Another approach applied a strong field to
magnetically attract MNP-decorated analytes down onto sensor surface, but the trajectory
path made signal modelling hard to translate into multi-parametric information and only
allowed a yes/no test. As a result, conventional MFCs barely take advantages of high
throughput detection while maintaining the detection efficiency simultaneously, the
significant loss of targets has hindered MFC from rare-cell detection e.g., circulating tumor
cells (CTCs). To address these concerns, the innovation of MFC must be developed to

overcome the above challenges.

1.4 Molecular Diagnostics using Magnetoresistive

Biosensors

Traditional MIA has gained a great success with excellent sensitivity and limit of
detection (LOD) for molecular measurements?2232526_ A MIA conventionally relies on
magnetometry to capture the tiny signal from the stray field among the strong baseline
signal. However, this technique requires a homogeneous magnetic field, complex readout
electronics, and substantial signal processing to extract the minute signal of interest, all of
which are challenging to do in a power constrained, remote PoC environment. An

alternative approach is based on magnetorelaxometry (MRX) where one detects the



relaxation signature in response to a pulsed magnetic field. This technique removes the
need for a homogenous magnetic field and requires comparably simpler readout
electronics and signal processing. In the absence of an external magnetic field, the
magnetic moment of the superparamagnetic MNPs tethered to the surface of the sensor
are randomly oriented resulting in zero net field. Then, a magnetic field is applied that
magnetizes and aligns all the MNPs. The stray field from the MNP opposes the applied
field resulting in a small change in resistance in the underlying MR sensor. In MRX, the
applied magnetic field is then switched off and the sensors monitored as the MNPs
gradually relax to their equilibrium state. This relaxation signal can be either measured in
the frequency- or time-domain. The frequency-domain technique uses a continuous AC
magnetic field to measure the in-phase and out-of-phase component of the susceptibility
whereas the time-domain technique measures the temporal response due to a pulsed
magnetic field. In a PoC setting, the time-domain technique generally leads to a simpler
implementation however requires careful understanding of the factors that influence the

signal, which has limited progress in the past.

1.5 Scope of Dissertation

To address the mentioned challenges, this dissertation presents the developments
and innovations of the MR biosensors for cellular measurement as well as molecular
detection. In Chapter 2, magnetic modelling is presented to lay the foundation for
mathematical simulation for both MFC and MRX. This establishes the design
consideration of the experimental setup. In Chapter 3, the giant magnetoresistive (GMR)-
based MFC is presented where the microfluidics and signal processing were co-optimized
to improve the accuracy over previous MFC approaches. In Chapter 4, the established

6



MFC technique is expanded to detect aptamer-decorated cancer cells. Chapter 5 presents
the progress toward immunoassay using time-domain MRX, with both the theoretical
investigation and experimental considerations. Finally, Chapter 6 summarizes this work

and remarks on future research directions.



Chapter 2. MAGNETIC MODELLING

This chapter is presented to calculate the magnetic field which is later taken account
for the design consideration and signal modelling in our magnetic system. It begins with
the GMR biochips used in our setup. The focus is then narrowed to the interaction between
the magnetic nanoparticles and sensors using the Stoner—Wohlfarth model. Lastly, signal
modelling is carried out with the both in-plane and out-of-plane field prior to the

experimental design presented with the applications in MFC and MRX, respectively.

2.1 GMR Biochips

e P e e o e e e -

Figure 2.1 GMR biochips purchased from MagArray Inc.
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The GMR biochips used throughout the dissertation were purchased from
MagArray, Inc. The first (Figure 2.1, left) and second (Figure 2.1, right) generation versions
of the GMR biochips used in this work have an 8x8 and 8x10 array of GMR sensors,
respectively. Each GMR chip has 64 (or 80) individually addressable sensors arranged in
a matrix with a nominal resistance (R,) between 1450 — 1729 Q and a magnetoresistance

(MR) ratio of 8 — 11.5%, as measured and shown in Figure 2.2.

The GMR operation can be described by examining the two extreme cases: the
parallel and anti-parallel states®’ of the free layer, as shown in Figure 2.3. In the antiparallel
state, an electron in a different spin state will scatter when it travels through each
ferromagnetic layer and the resistance increases. In contrast, in the parallel state, the
electron in the same spin state passes through the first layer and the second layer with
relatively few scattering events and thus has a lower path resistance because the spin of

the electron is always in the same direction as the majority spin of the layers. For

1535 T T T T T T T T T ]

1505 |
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c
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Figure 2.2 MR measurement of a GMR biochip
The tested GMR biochip owns the Ro of 1464 Q and a mean MR ratio of 7.99%.
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Figure 2.3 Operation of GMR devices from Ref. 57

biosensing, the GMR biochips were operated in the linear region around 50 Oe which is

induced along the short axis in plane.

2.2 Stoner-Wohlfarth Model

The Stoner—Wohlfarth model was adopted for magnetic modelling®®. MNPs are
assumed to be Langevin spheres in the field, have a linear, superparamagnetic response,
and give rise to dipole fields. It is assumed that the anisotropy of the free layer is strong
enough to be stabilized during the measurement. We considered only the spatially

averaged magnetic field emanated from a single MNP being magnetized by the applied

field (H 4). Thus, the average field that works on the free layer (H) is:

t w l
T _ 1 (2 (2 (2XRe’ [3Hamr _ Ha
Hs T lwth f_?t f% f_?l 3 [ rS r3] dXdde, 2.1
with
r=(xX—x0,Y—Y0,Z— %), 2.2
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Figure 2.4 Sketch of system geometry when modelling signal
where [ is the sensor length, w is the sensor width, th is the free layer thickness, y is the
volume susceptibility (dimensionless), R, is the MNP radius, r is the distance between
MNP (x,, v, zo) and the point of free layer (x, y, z), x and y are in-plane axes, and z is the

out-of-plane axis, as Figure 2.4.

Two external field are considered, one applied along the in-plane axis and the other
along the out-of-plane axis. Assuming that H, points towards the z direction without
divergence of the in-plane component (i.e. H, = (0,0, H,)) and the H; component along
long-axis (x) is neglected due to the insensitivity of long-axis field, the average field along

the short-axis (y) is the only component being considered:

t w 1
XHaRy® 5 % (3 [=yo)(z=20)
(Hs)y,out = thp f%f}%fé[%] dxdydz. 23

In the other case, H, = (0, H,4, 0), and the resulting average field along its short axis is:

HygR
(H o)y an = 2o f f f [Forer — L dxdydz. 2.4

3lwt

2.3 Magnetic Modelling for Magnetic Flow Cytometry
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Figure 2.5 3D Simulation of MFC signal

To maximize the stray field and avoid saturating the GMR sensors, the out-of-plane
field was applied for MFC. Prior to implementing the microfluidics and experimental setup,
the signal simulation was conducted to optimize the MFC detection. Based on the average
field exerted on a sensor (Eg. 2.3), the position-dependent signal can be simulated and
illustrated in 3-D, as shown in Figure 2.5. The unique signature, generated from the multi-
stripe layout, varies when using different MNPs. Here, we present the signature of the 4.5-
pm magnetic beads (Dynabeads M-450, Invitrogen, #14011) located at the sensor surface
that were simulated based on the model mentioned in the previous section. The profile of
the MR signal (Figure 2.6) shows major dependence of y-position, while it is rather
insensitive to x-position and the local maximum in amplitude occurs at the edge of each
sensor unit (blue line). The multi-peak signature (bottom right subfigure in Figure 2.6)

provides better resolution for signal processing and the ratio between inner-peak and

12
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Figure 2.6 2D profile of positional dependence

edge-peak also changes when increasing the flow height. The x-profiling (red line with
arrows) indicates that the signal only drops from 224 to 212 mQ when moving from sensor
center to x=55 pm, i.e. 92% movement along x-axis gives rise to <5% signal variation.
While the signal drops by up to 50% (from 212 to 104 mQ) when moving from x=+55 pm

to x=£60 um (sensor edge along the long axis).
2.4 Magnetic Modelling for Magnetorelaxometry

Compared to MFC, which utilizes a static magnetic field to generate a stray field
from the MNPs, magnetic modelling for MRX is relatively different due to the relaxation

mechanism. Instead of monitoring a static field, MRX detects the decay in the

13



magnetization of MNPs temporally. The relaxation mechanisms are based on the models
proposed by Debye in 1929%°, Néel in 1950%°, and Brown®! in 1963. After applying a

magnetic pulse, the MNPs relax back to an equilibrium state by two mechanisms:

1) Néel Relaxation: The magnetization vectors of MNPs undergo internal
rotation and gradually randomize to equilibrium. The Néel relaxation time (ty) can be

described as:

Ty = To €Xp (,%VT) 25

where 1, is the attempt time (usually approximated as 10° sec), K is the MNP anisotropy
constant, V. is the MNP core volume, kz is Boltzmann’'s constant, and T is the

temperature in Kelvin.

2) Brownian Relaxation: The magnetization vectors of the MNPs undergo
rigid rotation of the whole particle due to Brownian motion. The Brownian relaxation time

(t) can be described as:

3nVy
TB = Y
kgT

2.6

where 1 is the dynamic viscosity of the liquid and V,, is the hydrodynamic volume of the

MNP.

MRX can be measured in time-domain and frequency-domain. In the time-domain
MRX, MNPs are magnetized and aligned with the external pulse of magnetic field, then
gradually relax to the equilibrium state. The time-dependent magnetization can be

described as?38.62.63:
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My(t) = Moln (1 +%), 2.7

and

Mg(t) = My exp (;—;), 2.8
where My and My are the magnetization of the MNPs due to Néel relaxation and
Brownian relaxation, respectively, M, is the magnetization of the MNPs at the time when
turning off the external magnetic field, t is the time after turning off the field, and ¢, is the

characteristic time which depends on the magnetization time and external field.

In frequency-domain MRX, relaxation of MNPs can be measured by complex
magnetic susceptibility with an alternating magnetic field. The frequency-dependent

susceptibility can be described as38.59.64.65;

xe()=x'—jx"= fj@_ﬁ

+ Xcos 29

where y, is the complex susceptibility, ' is the in-phase susceptibility, y"' is the out-of-
phase susceptibility, y, is the DC susceptibility, y., is the susceptibility at high frequency,
j=+-1, f is the frequency of the alternating magnetic field, and f5 is the Brownian

frequency which is defined as:

fo=— 2.10

2ntg

When MNPs are immobilized on the surface or dispersed in a freeze-dried solution,
Brownian motion is inhibited. In contrast, Néel relaxation and Brownian relaxation
simultaneously contribute to MRX when MNPs are freely dispersed in solution. The faster
relaxation mechanism is dominant in MRX, thus the time-dependent magnetization can be

described as:
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M(t) = M, exp (i) 2.11
Teff
where 7.4¢ is the effective relaxation time defined as:

1

=+ 2.12

Teff B N’
To analyze MRX in magnetoresistive devices, we apply a current and measure the
voltage variation due to the stray field generated by MNPs. Followed by Eqg. 2.4, the

average field from all the MNPs should be®6:7:

(Hs)y,in,total = Z?=1(Hs)y,in,i- 2.13

In terms of signal output, we measured voltage change under constant applied current:

AVg = IAR = ISyHyyp(t) = 1SyHy exp (;—;) 2.15
and
14
Ho = (£2) H,, 2.16

where AV, AVy are the signal (voltage variation) of the MNPs due to Néel relaxation and
Brownian relaxation, respectively; I is the input current, S, is the sensitivity defined as
dR/0dH (Q/Oe), and H, is the stray field generated by MNPs at the time when turning off
the external field. As a result, we expect to observe MRX signal by choosing the

appropriate time window for specific MNPs.

Chapter 2, in part, is currently being prepared for submission for publication of the
material from Chih-Cheng Huang, Partha Ray, Matthew Chan, Xiahan Zhou, and Drew A.

Hall. The dissertation author was the primary investigator and author of these papers.
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Chapter 3. A MAGNETIC FLow CYTOMETER

USING MATCHED FILTERING

3.1 Flow Cytometry

A flow cytometer (FCM) is an essential tool in hematology for quantitative analysis
of cells with applications including identifying prognostic indicators for cancer, HIV, and
other time-dependent biomarkers of disease activity®®". Optical measurement
techniques, such as forward scatter (FSC), side scatter (SSC), and fluorescence are
currently considered the gold standard for multi-parametric analysis of heterogeneous cell
populations’. However, such instrumentation requires complex optics, lasers, and
photodetectors making it hard to translate to the PoC. Furthermore, optical FCMs require
extensive sample preparation which involves cell lysis or matrix purification to properly
detect cells/cell surface receptors (e.g., CD4) from crude samples with a substantial optical
background. As such, optical FCMs remain grounded in centralized laboratories with well-
trained personnel resulting in long turnaround times and out of reach for routine monitoring

by individuals or in office check-ups.

17



Figure 3.1 Schematic illustration of MFC

Operation of a GMR-based MFC where MNP-decorated analytes flow over GMR sensors and signals are activated by
external field.

An alternative approach involves substituting the optical label with a magnetic tag
and using a magnetic sensor instead of an optical detector’2. This configuration has many
benefits: 1) biological samples have no magnetic background eliminating problems such
as photobleaching and auto-fluorescence commonly encountered in optical
measurements, 2) the sample preparation can largely be eliminated, and 3) magnetic
biosensors can be miniaturized, which also improves their sensitivity”3. As such, magnetic

FCMs have been of keen interest to the community for PoC measurements3%4548,

3.2 System Overview

In this chapter, a GMR-based MFC using matched filtering (MF) is presented to
improve the signal-to-noise ratio (SNR) and allow detection of different types of magnetic
labels, as shown in Figure 3.1. As the magnetic label flows over the sensor, a change in

resistance is induced. The carefully designed sensor layout creates a characteristic
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signature from the MNPs, as shown in Figure 3.2, thus enabling multi-parametric labeling
like optical FCMs. Furthermore, the array of sensors can extract the time-of-flight (ToF),
which can be used as a proxy for the size and hydrodynamic volume of the cell and

discussed in later section.

The measurement setup is shown in Figure 3.3 where a MFC was assembled with
a GMR chip (MagArray, Inc.), a NdFeB permanent magnet, a microfluidic channel, and
electrical readout. Each chip has 80 individually addressable sensors arranged in an 8x10
matrix, each sensor is 120x120 um? with the R, of 1464 Q and a mean MR ratio of 7.99%
measured in Figure 2.2. The NdFeB permanent magnets (K&J Magnetics, Inc., #B881,
B882, B882-N52, BCC2, BCC2-N52) were mounted horizontally below the sensor chip
with out-of-plane field from 0.06 T to 0.13 T measured by a gaussmeter (Lake Shore

Cryotronics, Inc., #475DSP).

Single-stripe GMR SV Multi-stripe GMR SV
9 e
\ . m . - >
Approaching Leaving Approaching Leaving
<Sensor Area>
Bipolar Signature Multi-peak Signature

Figure 3.2 Layout-dependent signatures

Conventional single-stripe MFCs offer simple bipolar-peak readout which increases the false detections, while the multi-
stripe configuration enhances the signal differentiation by unique magnetic signature.
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Figure 3.3 Testing bench of MFC

Photographs of the system (top) and zoomed-in view (from bottom left to right) of the sensor setup, a sensor chip, and
the microfluidic channel. The desktop-based testing setup shows the MFC system and all components. Measurements
were recorded through a custom written LabVIEW interface (as shown on PC screen).

Microfluidic channels were fabricated using a standard poly(dimethylsiloxane)
(PDMS) process with SU-8 molding and PDMS curing with channel widths ranging from
90 to 120 pum and heights ranging from 14 to 40 um. GMR chips were placed in a UV-

ozone chamber (HELIOS-500, UVOTECH) for 15 minutes prior to bonding with the PDMS
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microfluidic channels. The microfluidic chips were subsequently aligned and cured for 1
hour at 75°C. The inlet and outlet of the PDMS channel were mechanically drilled and
connected to a syringe pump (NE-300, New Era Pump Systems) with

poly(tetrafluoroethylene) (PTFE) tubing.
3.3 Magnetic Nanoparticles and Polymer Microspheres

Superparamagnetic MNPs, Dynabeads M-450, Dynabeads M-280 (Invitrogen,
#11205D), Bio-Adembeads (Ademtech, #03121), and SHS-30 (Ocean NanoTech, #SHS-
30-01), were used in all experiments with hydrodynamic diameters of 4.5 um, 2.8 um, 200
nm, and 40 nm, respectively. Dynabeads M-450 and Dynabeads M-280 with a core patrticle
size of 7.7 nm were washed 3x with 0.1x PBS before diluting to 1:400 and 1.650,
respectively. A nonionic surfactant, Tween 20 (Sigma-Aldrich, #P1379), was added to the
diluted Dynabeads solution at a dilution of 0.05%. Streptavidin-coated Bio-Adembeads
and SHS-30 were centrifuged each time before the washing step (the same procedure as

the Dynabeads); the final dilution ratios were 1:20 and 1:1, respectively.

Biotin-coated 10-um polymer microspheres, ProActive CP10N (Bangs
Laboratories, #CP10000), were conjugated with Bio-Adembeads to create a biomimetic
construct used during algorithm development and evaluation. To build such construct, an
aliquot of ProActive CP10N was washed with 10x volume of wash buffer (0.1x PBS +
0.05%Tween20, pH=7.4) three times. The pellet in the wash buffer was resuspended to
1:20 dilution. The diluted Bio-Adembeads (1:20) were added to this solution. The magnetic
conjugates were formed and incubated at room temperature (18 — 25 °C) for 30 minutes

with gentle mixing. The sample was resuspended in 20x volume of wash buffer prior to
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injecting into the microfluidic channel using a syringe pump (New Era Pump Systems, NE-

1000).

3.4 Readout Circuitry and Signal Processing

The GMR sensors were read out using lock-in detection excited by a 1 Vpp
sinusoidal source at 7 kHz generated by a data acquisition card (National Instruments,
PCle-6361), as shown in Figure 3.4. The resulting current was amplified by a
transimpedance amplifier (TIA) implemented using an OpAmp (Analog Devices, AD8655)

with resistive feedback (Rp=42.2 kQ). A bleed resistor (Rz=1.5 kQ) was used to cancel the

Matched Filter

Analog Front-End

Bk — Signal Processin
Demodulation g 9
T TW— Threshold
e detection
5: [y
sin(wt) | | Cross-correlation
modulation .

A

Figure 3.4 Block diagram of the electronics and photograph of the PCB

The GMR sensors are modulated by a sinusoidal voltage and the resulting currents are quantized by a TIA and an

analog-to-digital converter (ADC). A R removes part of the sensor baseline current. Digital signal processing performs
demodulation then applies MF and cross-sensor correlation to enables high SNR signal detection.

22



non-MR portion of the current and avoid saturating the TIA, thus enabling the gain to be
increased by 28 dB. Eight parallel channels of this circuit were assembled on a custom
printed circuit board (PCB). The TIA outputs were sampled at 125 kSps/ch. and processed
in LabVIEW using a fast Fourier transform (FFT) to demodulate the signal (125-point FFT,
1 ms acquisition time). The input-referred noise of the system was measured to be 4.2

mQrwvs and spectrally white.

Cross-sensor correlation and MF were applied on the acquired data to calculate the
ToF across the sensor array and improve the SNR, respectively. Cross-sensor correlation
involves convolving a signal segment from a detected event with the signal measured on
a subsequent sensor (i.e. using the signature observed on Sensor 1 and Sensor 2). The
resulting signal is thresholded to find the delay between the two events and the ToF is
calculated based on the known sensor-sensor spacing and time difference. MF convolves
the measured signal with a template. Three different templates were evaluated with MF:
simulation-based matched filters (SMF), energy-detection matched filters (EDMF), and
previous-event matched filters (PEMF). The SMF utilizes Eq. 2.3 and other parameters,
e.g. size of MNPs, velocity, number of MNPs, and vertical distance, to generate a library
of templates. The EDMF template quantizes the expected signature into a tertiary square
waveform. Lastly, the PEMF relies on the signature detected at a previous sensor. SMF
and EDMF templates are illustrated in Figure 3.5, PEMF templates will be presented in
Chapter 3.6. All signal processing was performed in MATLAB using custom written code.

The implementation and efficacy of MFs will be discussed in Chapter 3.6.
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Figure 3.5 EDMF and SMF templates

24



3.5 Characteristics of Magnetic Flow Cytometry

Several limitations today restrict the portability of FCMs. First, conventional optical-
based FCMs require extensive sample preparation, such as cell lysis and/or matrix
purification to properly detect cells/cell surface receptors (e.g., CD4, EpCAM) from crude
samples due to the substantial optical background that the matrix presents3>4°, Second,
FCMs often use sheath fluid to center the analytes in the middle of the channel with laminar
flow and hydrodynamic focusing. Lastly, the readout instrumentation requires complex
optics, lasers, and photodetectors making it hard to directly translate to PoC settings. To
enable PoC, sample-to-answer operation, we minimized the amount of sample preparation
required without significantly affecting the throughput or sensitivity. We accomplished this
objective using two techniques: 1) switching from an optical-based to a magnetic-based
readout, and 2) co-optimizing the size of the sensor to remove the need for sheath fluid
while generating a complex signature that enables advanced signal processing techniques

to improve the SNR.

The background signal in a MFC is near zero as biological samples intrinsically lack
magnetic material?>?® thus removing the need for purification steps. Rather than using
magnetic guides to focus the cells over a small sensor3>4472 we use the microfluidic
channel to confine the cells over a much larger sensor. Using a large sensor negatively
impacts the sensitivity, but, more importantly, ensures that the flowing analytes always
travel across the active sensing area removing the need for sheath flow and minimizing
false negative events. As will be described later, the larger sensor enables a complex

signature to be generated rather than a simple bipolar peak, as shown in Figure 3.2.
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Figure 3.6 Holder showing spring-clamping

Acrylic plates with spring clamping enhance the sealing and prevent the system from leaking.

To enable high throughput detection in this relatively small channel (120 pum)
compared with other MFCs354448-50  the seal between the sensor and the microfluidic
channel needed to be improved to increase the flow rate and subsequently pressure. We
achieved good sealing by applying UV-ozone treatment prior to bonding the sensor chip
with the PDMS, post-curing to improve the contact, and spring-clamping to mechanically
intensify the sealing while maintaining the sensor reusability, as shown in Figure 3.6. We
performed hydrodynamic analysis for several different sized MNPs to determine the
optimal flow rate and magnetic field strength to balance the MNP in the middle of the
channel height. Many forces were considered, including the drag force, magnetic force,
gravitation, DLVO forces, and Langevin force as shown in Figure 3.7. Drag force (Fp) is
the major contribution to MNP’s movement in microfluidic channel among these forces, it

is caused by the relative motion to the surrounding medium and can be expressed as:

Fp = —6mnCpR, (v, — vp), 3.1

26



Figure 3.7 lllustration of forces acting on a MNP-labelled analyte

Pumping rate and corresponding flow velocity fast enough to keep drag force dominant over other forces.
where Cj, is the drag coefficient defined by the size and shape of MNP, v,, is the MNP’s

velocity, and v,, is the medium velocity. Magnetic force (Fy;) is considered when a MNP

is regarded as a magnetic dipole and locates in the applied static magnetic field:

- V,(B-VB
FM — x Xmil:( )1 3.2

where y,, is the volume susceptibility of medium, V;, is the MNP’s volume, and B is the
magnetic flux density, and y, is the permeability of free space. Gravity (F) is considered

with buoyancy:

Fg = (pp - pm)Vp-g! 3.3
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where p, is the density of the MNP, p,, is the density of the medium, and g is the

gravitational acceleration. Particle-particle and particle-substrate interaction can be

described by Van der Waals force (Fypw), €electro-repulsive force (F.;) and Langevin force

(Fiang):
Fypw = —:%, 3.4
For = 2200 2y pee ™ + (1,7 + 1) e72, 35
(Flangz(f)> = 6mKpTnCpRy, 3.6

where A is the Hamaker constant, d is the distance between the MNPs or between the
MNP and the sensor substrate, g, is the permittivity of free space, &, the relative
permittivity, i, is the surface potential of the MNP, iy is the surface potential of the

sensor substrate, 1 is the Debye—Huckel length.

After careful analysis, it was determined that drag force is the major contributor to
the MNP’s movement in the microfluidic channel. A plot showing these forces as a function
of MNP size is shown in Figure 3.8. The drag force is at least one order of magnitude
larger than magnetic force for the largest MNP (M-450, 4.5 pum) with our pumping setup.
When sub-micron-sized MNPs (Adembeads, 200 nm; Nanomag-D, 130 nm; and SHS-30,
40 nm) are considered, magnetic force becomes comparable to DLVO forces and
Langevin force. Drag force was kept dominant over other forces to allow the sample to

flow in the middle of the channel and thus extract multi-parametric information.

To evaluate and characterize the GMR-based MFC, we measured commercial

MNPs with hydrodynamic sizes varying from 30 nm to 4.5 pm. The pumping rate for all
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Figure 3.8 Hydrodynamic analysis

For sub-micron-sized MNPs (Adembeads, 200 nm; Nanomag-D, 130 nm; and SHS-30, 40 nm), the magnetic force is
comparable to DLVO forces and Langevin force. While Drag force was kept dominant over other forces in the setup to
allow samples flowing at middle of the channel and thus extract the multi-parametric information, as shown in the figure,
drag force is at least one decade larger than magnetic force even flowing the largest MNP (M-450, 4.5 pm).

MNP was 10 pL/min through a 120x25 um? channel. The smallest MNP, SHS-30, had no
distinguishable signal (Figure 3.9a), as expected from simulation, due to its small magnetic
moment and the strong particle-particle repulsion that prevents aggregation. While we did

see occasional signatures from the other sub-micron MNP, Bio-Adembead, these were
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Figure 3.9 Bead-only assays

(a) Measurement of different MNPs and their magnetic signatures under the same flow rate. (b) Plot of measured signal
amplitude vs. MNP size.

29



likely aggregates — not signal from individual particles. On the other hand, the M-280 and
M-450 MNPs induced many signals. The velocity of the M-280 is faster (due to using the
same pumping rate) and the signature degrades into a bipolar peak while the M-450
demonstrates the complete signature due to the slower velocity. It should be noted that
the M-280 does show the full characteristic signature at slower pumping rates, but this
pumping rate was chosen to allow all particles to use the same magnetic field for fair
comparison. Figure 3.9b shows the average signal amplitude where an event is counted
as anything larger than 50 the noise level of a negative control (0.1x PBS) experiment. As
expected, the smaller MNPs generated a smaller signal. It should be noted that while the
out-of-plane magnetic field can be increased further to improve the amplitude, it is a
delicate balance because as little as a 5-degree tilt between the sensor and a magnet can
saturate the sensors. Furthermore, the divergence of the magnetic field modulates the
amplitude across the sensor array. As a result, only the sensors located in the middle of

the array were used for this comparison.

We also varied the channel height and the out-of-plane field to balance the
magnetic force to study the effect of flowing height on signal. For example, a 130 mT field
was used for tall channels (40-um) while 60 mT was used for 19-um channels. The
measured data from the M-450 MNPs is in excellent agreement with simulation (Figure
3.10), while the M-280 data deviated from the simulated values, likely due to aggregation
and/or chaining. As expected, small channels ensure the close proximity of the MNPs;
however, aggregation and clogging were issues for channel heights of less than 12 um

and widths less than 50 um. As such, we implemented the taller channel for rigid analytes
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Figure 3.10 Comparison of measured results and simulations using Dynabeads

The experimental result of M-450 is in excellent agreement with the simulation, while the average signal amplitude of
M-280 deviated from the theoretical prediction owing to the aggregation and/or chaining.

where the channel height is at least 2x larger than the MNPs or biomimetic constructs,

and comparable channel height for cells that have more shape flexibility.

3.6 Time-of-flight and Implementation of Signal Processing

Raw data with no signal processing was collected while flowing 4.5 pm MNPs. As
can be seen in Figure 3.11, each sensor in the linearly spaced array shows a time-
sequenced response as the MNPs pass over the sensors. From these data, both the intra-
sensor ToF (time between peaks within a signature) and the cross-sensor ToF (time
between signatures on adjacent sensors) can be calculated. The ToF data directly
measures the analyte velocity and serves as a proxy of its size, and the amplitude of the
signature can be used to retrieve the vertical position of the analyte from the simulation
library (Figure 3.5). At the current sampling rate, this system can handle velocities up to 7

mm/s without distorting the signature shape. Thus, the ToF data enables the MFC to have
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Figure 3.11 ToF measurement

subsequent signal processing.

multi-parameter analysis (e.g., height, velocity, # of MNPs) of the analyte to further aid in

discrimination and reduce false positives by signal processing.

MF was applied on the acquired data to improve the SNR and improve the detection
efficiency. By using a multi-stripe GMR configuration that creates a more complex signal,
the benefit of MF becomes more significant compared to many previous designs that used
only a single stripe sensor resulting in a simple bipolar signature’?. The complicated multi-
peak signature here provides a more reliable and robust matching sequence reducing the
minimum detectable SNR from 14 to 2.5 dB. Figure 3.12 shows a snippet of measured

data where simple thresholding at 506 (SNR=14 dB) results in missing the event; however,
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Figure 3.12 Demonstration and comparison of signal processing

(a) Measured data showing missed detection using only raw-data thresholding and correct detection using matched
filtering (PEMF). (b) Comparison of enumeration using different signal processing techniques.

when applying MF, the event is clearly visible at 12.95 s. Also shown is a motion artifact
caused by a large impulse response at 13.15 s that would be counted as a false detection
with thresholding. However, since this impulse does not possess a signal-like signature,

the matched filtered output is kept within the 50 threshold and it is correctly rejected.

Three types of matched filters were evaluated: SMF, EDMF, and PEMF. The SMF
looks for measured data with a similar pattern to those in a pre-computed simulation library
based on Eqg. 2.3. The EDMF template quantizes the expected signature into a tertiary
square waveform: a positive level, a zero level, and a negative level. The tertiary template
created rectangular notches in a range where peaks were expected to be, roughly
matching the waveform in a low-resolution fashion and allowing for tolerance in peak
position. By arranging the levels in a pattern that corresponded to the expected pattern,
the filter finds expected peaks while normalizing the expected peak values to minimize
that degree of uncertainty. The PEMF uses signatures from upstream (i.e. a previous

sensor) recorded events. After finding the signal sequence on any of the other sensors,
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the detected signature is used as a template to compare against all other sensors for
correlation within a time window based on the flow rate. In a relatively short time window,
the flow rate, MNP distance to the sensor, and other slowly changing environmental
parameters can be regarded as constant. Therefore, each of the sensors produces their
own signature but delayed in time based on the velocity. An event was claimed if the MF
output exceeds the threshold which was set as 50 from the noise. A majority voting
algorithm with the eight sensors is used to reduce uncorrelated noise and declare a

detection event.

Each of these MF templates has advantages and disadvantages. For example,
owing to variations in particle size, even with the same pumping rate, particles can move
at varying speeds, creating variations in the length of the target event waveform. The SMF
struggles with intricate time warping between the measured signal and the template signal.
In this case each peak start and end time could be slightly off from the template waveform,
creating a complex warp from target to template where some areas of the signal are
stretched and compressed at different rates. To deal with general differences in waveform
size, we expanded the SMF library with a linear succession of filter lengths to discover
each specific time variation. Stretching to different times required down-sampling or up-
sampling. However, this increases the computation time significantly as the library
expands. Alternatively, some advanced signal processing techniques, such as dynamic
time warping (DTW)7476, could be explored to improve the system in the future. The EDMF
is elegant in that it is essentially just looking for the coarse pattern but does not have as
significant improvement in the counting efficiency. Time variations were much easier to

tolerate because waveform integrity was not as important for what is essentially a complex
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square signal. Since peaks were already being detected in a range of times rather than at
a specific time, the malleability of the template proved to be much more useful than using
a simulated template. Though EDMF has more flexibility in time warping and shape
distortion than SMF, the velocity must be restricted to keep the intact or semi-intact
complex signature. The PEMF is much more tolerant of dynamic changes in velocity. The
enumeration efficacy using different signal processing techniques can be seen in Figure
3.12. The PEMF outperforms the other techniques and was used for the remainder of this

work.

3.7 Correlation with Optical Microscopy

To evaluate the efficacy and quantify the accuracy, we correlated the measured
electrical signal with video recorded by an optical microscope (OM) while flowing

biomimetic complexes (10-um polystyrene spheres decorated with Adembeads) and M-
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Figure 3.13 OM correlation

Measured real-time data of OM-monitored sensors which enable ToF measurements.
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450 MNPs over the sensors. The Adembeads were chosen because they did not produce
significant signal when not aggregated allowing differentiation between analytes bound
with MNPs and unbound MNPs. Figure 3.13 shows the recorded electrical signal
alongside the optical images at the same timestamps. The cross-ToF was 79 ms while
travelling from sensor 3 to 4 and 78 ms from sensor 4 to 5. The intra-sensor ToF can also
be extracted from the time span between two edge-peaks within a sensor, resulting in a
velocity of 5.09 mm/s. The PEMF excluded the fast-flowing Adembeads and clusters
based on their velocity and magnetic signature. The counting efficiency was compared
between thresholding (50) and the PEMF using the optical counting as the ground truth
(Figure 3.14). For M-450, both techniques have similar efficacy with detection rates of
80.62% and 92.25% for thresholding and the PEMF, respectively. However, for biomimetic
MNP-decorated polymer spheres, thresholding only achieves a detection rate of 43.35%
compared to the 88.18% with MF. This is likely due to the complex sample which contains
both biomimetic spheres, individual MNPs, and clusters of MNPs. The MF correctly rejects
the latter two whereas thresholding cannot differentiate. The OM correlation reinforces the
results shown in Figure 3.12 that MF exhibits strong reliability when introducing a

complicated matrix.
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Figure 3.14 Compiled event-counting data

36



Receiver operator characteristic (ROC) curves were generated by sweeping the
MF detection threshold to quantify the sensitivity and specificity of the proposed system.
To establish ground truth, the flowing particles were analyzed frame-by-frame in ImageJ
with size-based discrimination. Using just thresholding, the ROC curve lies very close to

the random guess/chance curve, as shown in Figure 3.15. Applying the PEMF, the

true positive +true negative

detection accuracy (= ) improved significantly, up to 83.68% for M-

number of events
450 and 95.26% for biomimetic complexes clearly demonstrating the benefit of the MF.

Different from the correlation rate in Figure 3.14, which was only considered the positive

————————————————————————————————————————————————————————
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Figure 3.15 ROC curve

ROC curve of the selected sensor where green dots are the biomimicry data analyzed by matched filter, square dots
with the asymptote (purple curve) are the M-450 data analyzed by matched filter, red dots are analyzed by thresholding
from real-time data, and the grey dashed line is the reference of random guess.
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Figure 3.16 Tradeoff between detection and thresholds

The highest accuracy happened when threshold was set at 8.4

samples with rigid thresholds (50), the ROC curve reveals the tradeoff between sensitivity
and specificity for a system. As shown in Figure 3.16, increasing the PEMF threshold
improves the false negatives, while the sensitivity and false positives were reduced
simultaneously. The system reached the best accuracy with a PEMF threshold of 8.4
compared to the 50 (=9.6) used in thresholding. This threshold strikes a balance between

positive samples and negative samples but can be tuned based on the application.

3.8 Development and Comparison of Magnetic Flow

Cytometers

There has been significant interest in MFCs over the past decade, as shown in

Table 3.1. Most prior MFCs have used high cross-sectional area to surface area ratio

Cross—sectional Areayfiydics

microfluidics ( > 10) to achieve high throughput354448:49,51-54

Surface Areagensor
However, since the magnetic signal relies on the proximity to the sensing region (inversely
proportional to the distance cubed), this is not typically a favorable design decision. As

such, high area-ratio microfluidic setups lose most signals when MNP-decorated analytes
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flow near the middle of channel height compared to near the sensor surface. Some prior
work have used magnetic chevrons3%4449 or electrical current lines®® to guide the MNPs,
which are close to the bottom of the channel, over the sensors and jetted successively to
roll over the designated sensor area. Magnetic guides do improve the detection efficiency
by focusing the analytes, however, they typically need slower flow rates which decreases
the throughput and is prone to clogging. Another approach uses a strong magnetic field to
attract the flowing MNP-decorated analytes near to the sensor surface, but the trajectory
path makes signal modelling hard to translate into multi-parametric information and only
allows binary outcomes. Furthermore, the tradeoff between forces acting in the
microfluidics is complicated when using high throughput, and this kind of force analysis
was mostly done for magnetic sorting’’-’°. As such, prior MFCs have not had high
detection efficiency and high throughput as needed for rare-cell detection (e.qg., circulating
tumor cells). Considering the sensor design, miniaturization improves the sensor
sensitivity, but the traditional single-stripe sensor geometry gives rise to the simple bipolar
peak which is hard to differentiate signals from the noise in low SNR settings. To address
this, we developed a GMR SV-based MFC with a large sensor, the size of the microfluidics,
and used MF to recover the sensitivity and improve the specificity. This platform uses a
multi-stripe GMR SV sensor with a large active area and serpentine geometry that results
in a unique signature. Our work demonstrates that the accuracy can be up to 95% in
complex sample while the throughput strides across two decades that fits the clinical

needs.
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3.9 Summary

In this work, we developed a GMR-based MFC to leverage the best scenario for
future cancerous detection, the multi-stripe layout generates a characteristic signature that
is detected using MF and allowed discrimination between different types of magnetic
labels. We characterized the system operation by microfluidic dimension and
hydrodynamic force study with both computational simulation and experimental
measurements. Couple tactics of signal processing were deployed to evaluate and
improve the credibility of detection efficiency, the MF validifies the more than 5-fold
improvement in minimum SRN requirement. Coupled with cross-sensor correlation
technigue, the enumeration between optical observation and filtered electrical readout can
be up to around 90% correlation with 50 thresholding. Furthermore, the ROC curve
reinforces the potential for future application with 95% accuracy in biomimetic model. In
brief, this GMR-based MFC offers an alternative to optical FCM with increased portability

and rapid “sample-to-answer” measurement capability.

Chapter 3, in part, is based on materials from Chih-Cheng Huang, Xiahan Zhou,
Da Ying, and Drew A. Hall, “A GMR-Based Magnetic Flow Cytometer Using Matched
Filtering,” in Proceedings of IEEE Sensors 2017, Glasgow, Scotland, Oct. 30 — Nov. 1,
2017; and a manuscript currently being prepared for submission for publication by Chih-
Cheng Huang, Matthew Chan, Xiahan Zhou, and Drew A. Hall. The dissertation author

was the primary investigator and author of these papers.
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Chapter 4. AN APTAMER-BASED MAGNETIC

FLow CYTOMETER

4.1 Pancreatic Cancer and Aptasensors

In the US, approximately 57,600 people will be diagnosed with pancreatic cancer
in 2020 and around 47,050 people will die of it, pancreatic cancer stands for ~3% of all
cancers and ~7% of all cancer deaths®. The extremely low survival rate of pancreatic
cancer stems from late diagnosis and that the symptoms are obscure, e.g. pain (usually
in the abdomen or back), loss of appetite, jaundice, weight loss, nausea, and change in
stool. Therefore, people have difficultly relating these symptoms to pancreatic cancer and
do not seek timely treatment before it is too late. Detecting cancer early enables more
treatment options and benefits the prognosis. For the major types of pancreatic cancer,
the 5-year survival rate can be improved from 5% to 20% with early diagnosis. Therefore,
there is an urgent need to develop a rapid diagnostic for pancreatic cancer. Epidermal
growth factor receptor (EGFR), a transmembrane receptor tyrosine kinase, are

overexpressed in up to 90% of pancreatic tumors. As a result, EGFR serves as a candidate
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biomarker for the early detection of pancreatic cancer and the inhibition of it can provide a

possible treatment to improve the survival rate®!.

Aptasensors®2-8°, constructed by combining an aptamer with highly sensitive
transducers, have recently drawn attention for cancer diagnostics. Aptamers are a class
of oligonucleotide (RNA or DNA), peptide or peptide nucleic acid that owns high affinity for
the target analytes. Compared with antibodies, aptamers have several advantages: 1)
small size, aptamers are usually 10-fold smaller than antibodies and exhibit better access
to their target; 2) temperature-insensitivity, aptamers have longer shelf time and their
denaturization is reversible; 3) fast and batch production, aptamers can be chemically
synthesized without immune response, reducing the development time and cost.
Consequently, aptamers are a strong candidate for the rapid cancer diagnosis in the early
stages, and magneto-aptasensors owning the benefits mentioned in the previous chapters

have emerged as an interesting avenue towards this goal.

In this chapter, we present the validation of cancerous diagnostics using MFC and
its application on aptamer-based cellular detection, as shown in Figure 4.1. The cellular
characteristics, measured by optical microscopy and Coulter Counter, establish the
microfluidics design and correlate with MFC revealing the immunophenotyping of the
pancreatic cancer cell lines (Panc-1 and MiaPaCa-2). The controlled experiments were
performed to lay the foundation for the reliability of the technique. Two pancreatic cancer
cell lines with over-expressed EGFR were discussed, the results of aptamer-based and

antibody-based detection were compared. The outcome indicates the high correlation
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Figure 4.1 Schematic illustration of aptamer-based MFC

between MFC and conventional flow cytometry (FCM) (R?=0.98) while MFC provides

much less turnaround time and matrix insensitivity.

4.2 Materials and Methods

The MFC embedded with matched-filtering technique was utilized to conduct
cellular measurements. We follow the protocol established in Chapter 3 and extend it to

cellular measurements.

4.2.1 Western Blot

Panc-1 and MiaPaCa-2 cells were homogenized in a radioimmunoprecipitation

assay (RIPA) buffer (Thermo Fisher Scientific, #89901) containing protease and
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phosphatase inhibitors (Thermo Fisher Scientific, #A32959). The total protein
concentration was estimated and 30 pL (10 ng/pL) of the of the cell lysate were loaded

and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) before transfer to a nitrocellulose membrane (BioRad, #1620177). Membranes
were incubated with primary mouse anti-EGFR antibody (BioLegend, #933901) at 1:1000
dilution and a secondary antibody, horseradish peroxidase-conjugated goat anti-mouse
IgG at 1:1000 dilution (Thermo Fisher Scientific, #31430). As a protein loading control, a
primary rabbit anti-Glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH) antibody
at 1:1000 dilution (Abcam, #abl181602) and a secondary antibody, horseradish
peroxidase-conjugated goat anti-rabbit IgG 1:1000 dilution (Thermo Fisher Scientific,
#31460) was used. The antigen-antibody complexes were detected by the enhanced
chemiluminescence (ECL) system (Thermo Fisher Scientific, #32106). A pre-stained
molecular weight marker was run in parallel to determine the molecular weight of the

proteins (BioRad, #1610375).
4.2.2 Optical Flow Cytometry

Panc-1 and MiaPaCa-2 cells were grown to 80% confluence and treated with
Trypsin to detach them from the tissue culture flask. The cell number and viability were
counted as described previously. A streptavidin-phycoerythrin (SA-PE, Prozyme)
fluorophore was used to label the biotinylated anti-EGFR aptamer and the antibody. Cells
(~1x108) were first incubated with the fluorophore labeled aptamer (100 nM final
concentration) or the antibody (1:20 dilution) in 100 puL PBS/MgCl2/CaClzfor 30 minutes at
room temperature. The stained cells were subsequently washed 3 times with 200 pL of

PBS/MgCl2/CaClz, resuspended in 500 pL of the same buffer and analyzed using
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FACSCalibur (BD Biosciences). The FCM data was analyzed by using FlowJo software

(BD Biosciences).
4.2.3 Aptamer-based Magnetic Flow Cytometry

Panc-1 and MiaPaCa-2 pancreatic cancer cell lines were grown to 80% confluence
in Dulbecco's modified Eagle medium (DMEM) (Gibco, #11965084) with 10% fetal bovine
serum (FBS) (Gibco, #26140079) and 1% penicillin/streptomycin (Gibco, #15070063). The
adherent cells were treated with Trypsin (Gibco, #25300062) to detach them from the
tissue culture flask using standard cell culture techniques. The cell viability and the size
were calculated using a Vi-CELL XR Cell Viability Analyzer (Beckman Coulter). The cells
were finally washed and resuspended in PBS/MgCl./CaClz (Gibco, #14040133) for the

assay.

The 5'-biotinylated-E07 (anti-EGFR aptamer) was generated by performing an in
vitro transcription reaction (DuraScribe T7 Transcription Kit, Lucigen, #DS010925), as
described previously®!. 5'-Biotin-G-Monophosphate (TriLink, #N-6003) at a 20 mM (final
concentration) was also added to the reaction mixture for the incorporation of 5'-biotin to
the EQ7 aptamer®. The transcribed 5'"-biotinylated EQ7 aptamer was purified by denaturing
polyacrylamide gel electrophoresis (PAGE). A biotinylated anti-EGFR antibody (R&D

systems, #FAB9577B-100) was also used for comparison.

The cells (~3x10°) were incubated with the 5'-biotinylated EQ7 aptamer at a final
concentration of 100 nM in 100 uL PBS/MgCI2/CaClz buffer at room temperature for 30
minutes with gentle mixing. The biotinylated anti-EGFR antibody was used at a 1:20

dilution ratio under similar reaction condition. Streptavidin-coated Bio-Adembeads were
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Figure 4.2 Cell phenotyping: size and size distribution of Panc-1

(a) The visualized Panc-1 cells captured by microscope. (b) Size distribution of Panc-1 cancer cells. (c) Magnetic signal
distribution of Panc-1 cancer cells.

used in all the cellular detection assays. The beads were centrifuged/washed 3 times in
1x PBS/MgCl2/CaClz and diluted with DI water to 1:10 ratio. 40 pL of the diluted
Adembeads were added to 90 pL of anti-EGFR aptamer or antibody-bound cells and
incubated at room temperature for an additional 30 minutes with gentle mixing. The
samples with ~1.68x10° Adembeads and ~2.4x10° cancer cells were finally resuspended

in 1 mL buffer prior to injecting into the microfluidics.

4.3 Cellular Characteristics

To establish the utility of the MFC in a cell detection assay, we used pancreatic
cancer cell lines, Panc-1 and MiaPaca-2, that overexpress EGFR on the cell surface. We
started with cell phenotyping to set up the experimental design accordingly, the Panc-1
cells had a 19.51+0.83 um mean diameter (Figure 4.2a,b) calculated using a Vi-CELL XR
Cell Viability Analyzer (Beckman Coulter). Therefore, we used the 20-pum-microfluidics
channel height that is close to the size of the Panc-1 cells, and the magnetic signal

distribution (Figure 4.2c) was also highly correlated with size distribution, electrically
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Figure 4.3 Western blot analysis

measured by the Coulter counter (Figure 4.2b). The magnetic signal also included the
effect of bound MNPs with the pre-restricted flowing height, compared with the result from
Coulter counter which only considered size, it shared the same trend but had a slight

difference in distribution.

A 5'-biotinylated 2'-fluropyrimidine modified RNA aptamer (EQ7) that binds to EGFR
with high affinity and specificity was used for the cell-labeling reaction®'. We also used, a
biotinylated anti-EGFR antibody as an additional cancer cell staining reagent. Western blot
and optical FCM were used to verify the surface expression of EGFR on the pancreatic
cancer cell lines. Panc-1 and MiaPaCa-2 cell lysates were subjected to Western blot
analysis using anti-EGFR antibody. GAPDH, a house keeping protein, was used as the
loading control. Panc-1 cells expressed more EGFR as compared to the MiaPaca-2 cells
as shown in Figure 4.3. Optical FCM analyses of anti-EGFR aptamer (E07) and antibody
binding to the Panc-1 and MiaPaCa-2 cells were performed by treating the cells with the

fluorophore phycoerythrin (PE)-conjugated 5 Biotin-EOQ7 aptamer (blue) or PE-conjugated
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Figure 4.4 Optical FCM data for Panc-1 and MiaPaCa-2

Biotin-anti-EGFR antibody (orange) as shown in Figure 4.4. Streptavidin-PE was used as
the negative binding control (green). The data was analyzed, and the mean fluorescence

intensity (MFI) was calculated from the histogram plots.

4.4 Assay for Aptamer-decorated Pancreatic Cancer Cells

The MFC technique has demonstrated the validity and exhibited the excellent
accuracy (95%) among high-throughput samples of the magnetic beads and biomimetic
conjugates as presented in Chapter 3. To establish the aptamer-based cellular detection,
we began with human pancreatic cancer cell line Panc-1. In addition, the microfluidic
design followed the method mentioned in the literature®! using the comparable dimension
of analytes. Here, we utilize 20-um-height channel which is close to the size of Panc-1 cell

as shown in Chapter 4.3.

Panc-1 cells were conjugated with the biotinylated anti-EGFR aptamer and

subsequently with the streptavidin-coated MNPs. This complex was then injected into the
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Figure 4.5 Real-time measurement of aptamer-based MFC
microfluidic channel and measurements were collected at 0.1 pL/min of throughput. As a
negative control, we also injected PBS buffer, the MNPs alone, Panc-1 cells, and a mixture
of MNPs and Panc-1 cells (without the aptamer linkers). In Figure 4.5 and Figure 4.6, little
to no counted events were detected in the PBS buffer (n=0), the Panc-1 cells (n=0), or
MNPs (n=38) using the PEMF described in Chapter 3. A small number of counted events
(n=769) were detected in the Panc-1 and MNP mixture (without the biotinylated EO7
aptamer linker), likely due to nonspecific binding on the cell surface from extremely

excessive MNPs. However, in the presence of biotinylated EO7 aptamer linker, the counted
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Figure 4.6 Enumeration plot derived from Figure 4.5

events increased nearly tenfold up to 7,140 per 5 pL in the Panc-1-E07-MNP mixture. The
error bars represent the counting difference throughout the measurements across 8

addressable sensors.

To assess MFC performance in future applications, we further employed varying
throughputs to detect Panc-1 with biotinylated EO7 aptamer using the same procedure but
switched the buffer to culture media (Figure 4.7). The data shows successful enumeration
across two decades of throughput, ranging from 0.1 to 50 pL/min. Due to the viscosity®?,
the enumeration (n=2711) and the best throughput (0.25 pL/min) for measurements were
different from what was measured in Figure 4.5 (n=7140 under 0.1 puL/min). The distorted
signal and sample aggregation occurred more frequently when throughput was increased,
while Panc-1 cells were still also measurable (n=273) under 50 puL/min of throughput.
Matrix insensitivity makes magnetic biosensors promisingly compelling over other medical
devices since it can tremendously reduce the sample preparation and benefit the timely

screening/monitoring of cancer diagnosis. We preliminarily investigated the matrix effect
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Figure 4.7 MFC measurements through varying throughputs across four sensors

with the MFC by comparing the results of MiaPaCa-2 in PBS and culture media,
respectively, after 6 hours of incubation. The magnetic signal distribution of MiaPaCa-2 is
presented, as shown in Figure 4.8. The MiaPaCa-2 shared the same trend of magnetic

signal in PBS and culture media, respectively, while the mean value horizontally shifted
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Figure 4.8 Signal distribution of MiaPaCa-2 after 6 hours of incubation

and increased around 10 mQ. One suspicious cause of this signal increment lies in the
difference of MiaPaCa-2 healthiness, since the culture media provided more necessary
nutrients to cells and prolongs their lifetime. The hypothesis will be explored and verified
in the future by designing the controlled experiments for varying incubation time in different
matrix. In addition, the signal distribution of MiaPaCa-2 (Figure 4.8) is wider than what we
found in Panc-1 (Figure 4.2), it can be attributed to an unexpected turbulent flow and
smaller cell size in which the MiaPaCa-2 owned 16.71+0.89 pum while travelling in the 20-

pm channel.
4.5 Correlation with Optical Flow Cytometry

Lastly, we compared the MFC and optical FCM data as shown in Figure 4.9. MFI
was calculated from the histogram plots of the optical FCM data (Figure 4.4), and plotted
against the mean magnetic intensity (MMI) values that were measured from the peak

amplitudes of MFC data in each detected event. A very high correlation was obtained
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Figure 4.9 MMI vs. MFI

between the two FCM sensing modalities (R?=0.98). To aid in the characterization, we
constructed a numerical model that describes the magnetic response of MNP loading on
a Panc-1 cell, as shown in Figure 4.10a. In the simulation, the cell was regarded as a
sphere with random distribution of surface EGFR, and each EGFR can be bound with one
MNP. Surface quantification of the bound MNPs can be derived as shown in Figure 4.10b.
Due to the smaller size of MiaPaCa-2 (i.e. higher density of MNPs) and proximity sensing,
MiaPaCa-2’s signal would be larger than Panc-1’s if both have the same amount of bound
MNPs. The average magnetic signal in Panc-1/E07/MNPs is ~50 mQ (Figure 4.9), and it
indicates around 10,000 MNPs per Panc-1. While this is lower than the number of available
EGFR binding sites (usually ~40,000)%3-%, it is likely due to weaker affinity of the aptamer
(compared to antibody) and steric hindrance from the MNP (200 nm). Notably, the
difference in the protein expression of EGFR on the cell surface of these two cell lines,
Panc-1 and MiaPaca-2, were also reflected in the MFC data obtained by using two
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Figure 4.10 Simulated MMI vs. amount of bound MNPs

(a) lllustration from the simulated result of 10,000 random-distributed 200-nm MNPs on a Panc-1 cell (b) Simulated
magnetic signal vs. number of bound MNPs to both Panc-1 and MiaPaCa-2.

different linkers, the anti-EGFR aptamer and antibody. Taken together, the data validates
our proposed method against an optical FCM that is regarded as the gold-standard

instrument.

4.6 Summary

An aptamer-based MFC used for cellular detection is presented in this chapter.
Followed by the techniques described in Chapter 3, we utilized the MFC embedded with
the PEMF to detect aptamer-decorated pancreatic cancer cells. Cellular phenotype was
characterized to design the microfluidics accordingly and estimate the MMI prior to running
MFC measurements. In the model study, EGFR-overexpressed Panc-1 cells were used
to establish validity of cancerous measurements via the controlled experiment, the
enumeration of positive samples is 10-fold higher than false positives. The EGFR
expressions among Panc-1 and MIA PaCa-2 are discussed and compared with aptamer

and antibody, magnetic signal shares high correlation (R?=98.43%) with fluorescence
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intensity. At the time of writing this dissertation, the MFC system is being imiproved to
diverify its applications, the matrix insensitivity and whole blood detection should be

verified and established soon.

Chapter 4, in part, is currently being prepared for submission for publication of the
material from Chih-Cheng Huang, Partha Ray, Matthew Chan, Xiahan Zhou, and Drew A.

Hall. The dissertation author was the primary investigator and author of these papers.
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Chapter 5. GMR BIOSENSORS FOR TIME-

DOMAIN MAGNETORELAXOMETRY

5.1 Introduction

Among the many magnetic sensors available today, MR-based devices standout
for PoC applications. In addition to the inherent advantages of magnetic biosensing, MR
biosensors can be operated at room temperature, have high low-field sensitivity, and have
comparably high transduction efficiency. These MR-based sensors operate on a quantum
mechanical effect (either spin-dependent scattering or tunneling) where the resistance is
proportional to the magnetic field with MR ratios ranging from 5% to >200% for modern

devices?1:%,

Previously, these MR biosensors utilized static magnetometry where one detects
the MNP’s stray field in response to a DC or fixed frequency AC magnetic field. However,
this technique requires a homogeneous magnetic field, complex readout electronics, and
substantial signal processing to extract the minute signal of interest, all of which are

challenging to do in a power constrained, remote PoC environment. An alternative

57



x =
Ro*R, — No MNP
«:a: MNP1
«:a: MNP2
Magnetization Relaxation
Ry PPTRC Ll
P Tirr

(c)
Figure 5.1 lllustration of time-domain MRX

(a) Magnetization phase (field H,>0) where the MNP magnetic moments are aligned to the applied field. (b)
Relaxation phase (field H,=0) where the MNP magnetic moments gradually randomize. (c) The corresponding
resistance of an MR sensor in response to the external magnetic field with and without MNPs.

approach is based on MRX where one detects the relaxation signature in response to a
pulsed magnetic field. This technigue removes the need for a homogenous magnetic field
and requires comparably simpler readout electronics and signal processing. Figure 5.1
illustrates how this technique is applied for magnetic biosensing. In the absence of an
external magnetic field, the magnetic moment of the superparamagnetic MNPs tethered
to the surface of the sensor are randomly oriented resulting in zero net field. Then, Hy,
(defined in Chapter 2) is applied that magnetizes and aligns all the MNPs. The stray field
from the MNP opposes the applied field resulting in a small change in resistance in the
underlying MR sensor (Figure 5.1a). Note, this is the region of operation for static
magnetometry. However, in MRX, the applied magnetic field is then switched off and the

sensors monitored as the MNPs gradually relax to their equilibrium state (Figure 5.1Db).
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This relaxation occurs due to Néel and Brownian relaxation. Néel relaxation is the result
of internal magnetic domain movement within the MNP whereas Brownian relaxation is
the rigid rotation of the entire MNP. Since the MNPs are tethered to the surface of the
sensor via antibodies or other molecular recognition elements, the relaxation process is
predominantly Néel based. This relaxation signal can be either measured in the frequency-
or time-domain. The frequency-domain technique uses a continuous AC magnetic field to
measure the in-phase and out-of-phase component of the susceptibility whereas the time-
domain technigue measures the temporal response due to a pulsed magnetic field. In a
PoC setting, the time-domain technique generally leads to a simpler implementation,
however requires careful understanding of the factors that influence the signal, which has

limited progress in the past.

In this chapter, we propose a novel time-domain MRX-based GMR biosensor!! to
observe Néel relaxation of tethered MNPs. To investigate this, we designed an ultrafast
electromagnet with a switching time less than 5 us (slew rate >1,000 T/s), which is much
faster than the state-of-the-art with a 400 ps switching time (slew rate of 37 T/s)%, to
minimize the deadzone. Low-noise readout electronics were designed to capture the
relaxation signal. The effect of the H, and magnetization time (t,,q,) Were explored to
understand their influence on the relaxation process. The results show excellent
agreement with the empirical trend describing the relaxation based on natural-log
behavior. We use these findings to optimize the system and perform a proof-of-principle
magnetic immunoassay, which is to the best of our knowledge, the first time that GMR

sensors have been reported for an MRX bioassay.

5.2 Materials and Methods
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5.2.1 GMR Sensor Chips and Magnetic Nanoparticles

GMR sensor chips were purchased from MagArray. Each GMR chip has 80
individually addressable sensors arranged in 8x10 matrix with a R, of 1729 Q and an MR
ratio of 11.5%. The sensors do have hysteresis and anisotropy; however, this does not
affect the proposed MRX measurement technique since the field is always swept along
the same path and the resistance differential is measured. The magnetic particles used in
all experiments were coated with streptavidin and purchased from Ocean NanoTech
(#SHS-30-01), Micromod Partikeltechnologie GmbH (Nanomag®-D 130 nm, #09-19-132),

and Thermo fisher Scientific (Dynabeads® MyOne™ Streptavidin T1, #65601).

5.2.2 Signal Modelling

To calculate the MNPs’ average field on a GMR sensor, we adopted the model
described in Chapter 2. Assuming MNPs are Langevin spheres in the field regime (2 — 100
Oe), MNPs have linear superparamagnetic response and give rise to a dipole field. The
volume susceptibilities of SHS-30, Nanomag-D 130 nm, and MyOne at room temperature
are 3.60, 4.44, and 1.38 (Sl unit, dimensionless), respectively®®-1%, Here, we consider only
the (H,) on the sensor from MNPs being magnetized by the (H,) as shown in Eqg. 2.1. We
neglect the component along long-axis (x) of the sensor due to insensitivity of long-axis

field, and only consider the total (H) along the short-axis (y):

—i HyR
(H), = Y7L Hy, = XHRE" g f f f [“y v ]dxdydz. 5.1

3l'w-th
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To extract the t., a MATLAB script was written that incorporates these equations,
critical volume approximation®3, and the signal transduction to calculate the corresponding

resistance change as:

AR(t) = FSo(Hy), In (1 + %) 5.2

5.2.3 Measurement Setup

The measurement setup consisted of a computer running MATLAB, a field
programmable gate array (FPGA) (Opal Kelly XEM6310) to control the timing, a power
amplifier (Kepco BOP 36-12ML), a custom designed coil driver and Helmholtz
electromagnet, and custom designed readout electronics (Figure 5.2). The computer can
digitally adjust both the magnetic field and magnetization time through the FPGA. The
current from the sensors was integrated and then digitized using a National Instruments
data acquisition card (NI PCle-6351). To remove DC offset, temperature drift, 1/f and other

correlated noises, and circuit non-linearity, a correlated double sampling (CDS) technique
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Figure 5.2 Simplified schematic of measurement system
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Table 5.1 Summary of MNP concentrations

Original Concentrated Final
Cirjeany hil=E Concentration Ratio Concentration
Ocean SHS-30 33.9 nM 2% 67.8 M
NanoTechnology
Micromod Nanomag-D 4.82 nM 5x 24.1 nM
130 nm
Thermo Fisher MyOne T1 14.1 pM 100x% 1.41 nM

Scientific

is used where the sensor is sampled two different times: once with the magnetic field and
once without the magnetic field. The CDS technique eliminates the need for magnetic
shielding, which is extensively used to minimize magnetic noise, circuit non-linearity, and

hysteresis®’. The extracted signal (AV,,,;) can be written as:

V .
AVoue = Vout|field - Voutlno field = ﬁfAR (t)dt, 5.3

where V., is the bias voltage (0.5 V), Cr is the integration capacitor, and AR is the MR
signal due to the MNP. Multiple measurements were averaged to reduce the white noise

and further improve the SNR.
5.2.4 Magnetic Nanoparticle Handling and Coverage Analysis

MNPs were washed with DI water before using, the resulting elimination of salt
concentration improved the accuracy of coverage analysis. The MNP coverages were
analyzed by MRX signals and scanning electron microscope (SEM) images, respectively.
A FFT bandpass filter was applied during image processing to increase the contrast
between MNPs and sensor substrate through software ImageJ. The MNP concentration

was increased to modulate the surface coverage (Table 5.1).
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5.2.5 Bioassay

The GMR sensors were functionalized with 99% (3-Aminopropyl)triethoxysilane
(APTES) (Sigma Aldrich, #440140) for 1 hour at 37°C, followed by Biotin (Thermo Fisher
Scientific, #21312) incubated for 1 hour at 37°C, and then coated with 2% bovine serum
albumin (BSA) (Thermo Fisher Scientific, #37525,) for 30 min at room temperature. The
reference sensors were covered with epoxy and part of sensors had only BSA without
biotin as negative controls. The measurements were conducted with magnetometry to
ensure the efficacy of MNPs binding via biotin-streptavidin interaction, followed by 1x PBS
washing 3 times to remove unbound MNPs, and then performed MRX to detect the MNPs’

relaxation signal via specific binding.

5.3 System Overview

The measurement setup consisted of an 8x10 GMR sensor array (MagArray
Technologies, Inc.) placed inside an electromagnet (custom designed) connected to
readout circuitry (custom designed) as shown in Figure 5.3. Due to the correlated double
sampling technique, no magnetic shielding was required. Each sensor contained multiple
GMR stripes to increase the surface area while maintaining the high aspect ratio of each
stripe needed to keep the sensing layer stable with a R, of 1.7 kQ and a MR ratio of 11.5%
(Figure 5.3c). Streptavidin-coated MNPs (SHS-30-01, Ocean NanoTechnologies) were
drop-casted on the sensors in the presence of an alternating field (50 Oe at 200 Hz) and

allowed to dry before the experimental investigation of characteristic time, coverage, and

63



R,=1729 Q
S,=1.21 Q/Oe

0

Resistance [kQ]

55 ; .
-200  -100 0 100 200
Field [Oe]

(a) (b) (c)
Figure 5.3 MRX system setup

(a) Simplified measurement setup with electromagnet, sensor array. (b) Photograph of GMR sensor array. (c)

Optical microscopy image of a GMR sensor and measured magnetoresistance curve.
signal dependency (over applied field and magnetization time). Prior to drop-casting,
select sensors were covered with epoxy to prevent the MNPs from being in close enough
proximity to the sensor (~200 nm) to create a detectable signal. These epoxy-coated
sensors were used as negative controls (reference sensors) while all others were active
sensors with MNPs. For magnetic immunoassay experiments, the reference sensors were
coated with BSA while active sensors were functionalized with biotin which facilitated
binding with the MNPs through the high affinity streptavidin-biotin interaction. With the
above setup and experimental procedures, we successfully monitored the relaxation

process of MNPs. The active sensors exhibited a natural log-like response with a
characteristic time of 3.3t,,,, While the reference sensors showed no response. Next, we
extended the investigation to extract the MNP coverage and confirmed it with SEM
analysis. The measured signal was found to be proportional to the MNP concentration. To
improve the empirical and theoretical study of time-domain MRX, we investigated the
signal dependency on the applied field, magnetization time, and MNP size/composition.
The results showed that other contributors (i.e. temperature and MNP core size) need to

also be considered. The measurements of different MNPs showed that each has a unique
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tc roughly proportional with the core volume. Lastly, we performed a magnetic

immunoassay to demonstrate the feasibility of this approach.

5.4 Investigation of Characteristic Time

Once the MNP is magnetized and the field is removed, there is insufficient energy
to keep the moment of the MNP fixed. There are two mechanisms by which this loss of
energy, or relaxation process, can occur. With two competing processes, the relaxation
time will depend on the faster of the two mechanisms. Néel relaxation follows an
exponential decay relationship when the MNPs are monodisperse®263101.102 'and depends
on the core volume and anisotropy of the MNP as described in Eq. 2.5. However, this
relationship becomes natural log-like when considering particle-particle interactions and
the size/shape distributions of the MNPs6263.101-105 The time-course magnetization during
relaxation can be empirically described by the following equation in which is the extension

of Eq. 2.7:

My (t) = KaMy In (1+%), 5.4
where k is the surface coverage, a is a constant related to the magnetic viscosity. It has
been previously reported that t. = t,,,, When the applied field is relatively small (H,=0.1

Oe)®2. However, this has not been measured for more moderate magnetic fields that are

appropriate for MR-based biosensing (20 — 100 Oe).

To measure the relaxation response, we restricted the particles to Néel relaxation
by drop-casting a fixed volume of MNPs on the surface of the MR sensors and allowed
them to dry while applying a magnetic field (50 Oe at 200 Hz). In such a configuration,

the particles are rigidly attached and cannot undergo Brownian relaxation serving as a
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model system for the MIA. Moreover, the MNPs preferentially migrate into the trenches
(the area between the stripes of GMR) in the presence of external field during the drying
process, which significantly enhances the sensor response when MNPs are located close
to the edge of trenches!?1%7, |n these experiments, we followed the time-domain MRX
procedure previously described (Figure 5.1). The H, was set to 50 Oe and pulsed for a
duration of 100 ms. The field was subsequently collapsed in under 10 ps. The resulting
resistance of the MR sensors was measured by applying a constant voltage across the
sensors and integrating the current (described in the Methods section). The integrators
were synchronized to start integrating after the electromagnet was turned off. The sensor
array contained both active sensors (n=29) and reference sensors (n=20) that were
coated with a thick epoxy to prevent the MNPs from being near the MR sensor thus

guenching the relaxation signal.

The reference sensors all showed near zero signal, as expected, whereas the
active sensors all exhibited a characteristic MRX signal with an amplitude ranging from 2
mV to 15 mV (Figure 5.4a) due to the uncontrolled coverage on each sensor. When
normalized by scaling the amplitudes to be the same (Figure 5.4b), it is readily apparent
that each sensor is measuring the same process, just scaled by the surface coverage.
From the fitted data, we found that t.=3.3t,,,,=330 ms for H,=50 Oe and t,,,=100 ms
(Figure 5.4c¢). Using magnetic modeling to simulate the response of this system with the
same t., we found that the simulation results are in good agreement with the measured
data. As will be shown later, t. can be used as a unique magnetic signature for each type

of MNP.
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Figure 5.4 MRX measurements

(@) Measured MRX signals from active sensors (blue, n=29) and reference sensors (red, n=20). The different
amplitudes indicate non-uniform MNP coverage. (b) Normalized relaxation signals demonstrating the homogeneous
relaxation behavior. The curves are the mean signal of reference sensors and active sensors, respectively. Error bars
are +1o. (c) Comparison between experimental data and simulation exhibits good consistency of the characteristic time
of 3.3t,,44- Error bars are t1o.

5.5 Coverage Extraction

After verifying the natural log behavior of the relaxation signal and measuring the
corresponding characteristic time, we investigated the signal dependency on the MNP
coverage. For the detection of biomolecules labeled by MNPs, extraction of the MNP
coverage is required to quantitatively retrieve the concentration of analytes and further
deduce the ligand-receptor interaction such as binding affinity and kinetics. In this section,
we conducted the proof-of-principle experiments, extracting the coverage of MNPs in the
absence of probe molecules (i.e., surface immobilization). For a single MNP, the signal
would be highly dependent on the location within the sensor'®’, however with moderate
surface coverage, the signal per MNP is roughly constant and independent of location
other than if it is on top of the sensor or in the trench next to it'°®1%°, Previously we were
only able to calculate the relative MNP coverage based on the signal amplitude. To
precisely extract the coverage parameter k in Equation 5.4, we applied different MNP

concentrations and imaged the sensors using a SEM after MRX measurements (Figure
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Figure 5.5 Signal dependence on MNP coverage

(a) Average signal under different MNP concentrations. (b) Measured relaxation signals and the corresponding SEM
images. The three representative sensors, varied from low to high coverage of MNPs, exhibited high signal dependency
over coverage. (c) Extraction of surface coverage showed different signal dependency on stripe coverage and trench
coverage. The fitted coefficients C; and C; are -0.039 and 0.11, respectively.

5.5). The number of MNPs on the sensor was calculated from the SEM images and
compared with the corresponding measured MRX curve. The signal is dependent on the
concentration of MNPs as shown in Figure 5.5a, and the average signal at t=150 ms is
0.86 mV, 5.34 mV, and 10.51 mV for 0.02x, 0.1x, and 2x concentration of SHS-30 MNPs,
respectively. It is important to note that the ratio of average signals between 0.02x and
0.1x ( Signalyg,x/Signaly,1x =0.16) is similar to the ratio of their concentrations
( Concygax/Concy 15 =0.2); however, this linear concentration dependency didn't

adequately represent the signal with higher MNP concentration (2x) since multi-layer MNP
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structures were formed at this high of concentration. Furthermore, high MNP concentration
is not a realistic scenario for bioassays where a monolayer is the theoretical limit due to
the surface ligand binding. Consequently, we focused on the 0.02x and 0.1x MNP
concentrations to extract the coverage where the signal per particle is linear and the
coverage is still monolayer (Figure 5.5b). Since the design of the sensor geometry results
in different signal dependent on the MNP position (i.e., on the stripe vs. trench)!, the total
coverage over sensor area is not sufficient to address and extract the information of MNP
coverage. Instead, the coverage should be evaluated with covered area over the GMR
stripes and trenches (area between adjacent stripes), respectively. Equation 5.4 is

modified accordingly to account for this dependence:

Signal(t) = (Csks + Cekee) [In (1 + %) at, 55
where C; and C; are dimensionless coefficients containing the magnetic viscosity and
signal per particle on the sensor and trench, respectively, and k; and k, are the stripe
and trench coverage in terms of percentage. From the measured data, we found that C,=-
0.039+0.02 and C;=0.11+0.018 (Figure 5.5c). The inequality of C; and C; proves the
positional dependence and reaffirms the previously reported result that the MNPs in the
trenches contributed to signal more than the MNPs on the stripes'®’. The correlation
between signal and extracted coverage -coefficients exhibited strong consistency

(R?=0.90) as shown in Figure 5.5c.

5.6 Signal Dependence on External Field and Magnetization

Time

69



c ‘mag
A = H=12.5 Oe i
- e H=250Oe
- 400 & H=3750e .~
.- v H=5000e Y- A
T 300 e
ET] . e .
A -’ v T T
- 200 L .
&7 e
"""" ol
i
100 e
50 50 75 100 125 150
tmag [ms]
(c)

Relaxation: HA=50 Qe Relaxation: tmag=100 ms

Signal Amplitude vs. H,/t
o A M 425 1.25
125 §1.00 150 ms § 1.00 50 Oel

T - 2 .
51.00 2075 ® 078 375 0¢
%0.?5 _ ﬁ 0.50 | ﬁ 0.50 25 Oe|
& o.50 £ g ]
© 0.95 5 0.25 15025 " 1250¢
E . 3 2 L
Zo000l - 5 0.00 0.00

150 o6 25 375 0 50 100 150 0 50 100 150

¢ msl 50 12.5 H, [Oe] Time [ms] Time [ms]

‘mag

(d) (e) (f)

Figure 5.6 Signal dependence on applied field and magnetization time

Measurement results showing: (a) t. dependency on H, and tn,q4, (b) the dependence of Hy on ¢, (c) the dependence
Of t1nqg ON L., (d) the (normalized) signal amplitude dependency on H, and t.,., (€) relaxation signal under H,=50 Oe
with increasing t,,,4 (f) relaxation signal under t,,q,=100 ms with increasing Hy.

Subsequently, we extended the experiment to measure the signal dependency on
H, and tp,q, to optimize the time-domain MRX response. As expected, t. has strong
dependence on H, and t,,,, (Figure 5.6a), varying from 85 ms to 450 ms in the given
range of H, and t,,,,. Based on our results, t, has quasi-linear relationship with t,,,,,
while exponentially dependent on H, (Figure 5.6b,c). The underlying theory still needs to
be investigated to validate this observation. It should be noted that the extracted t.=380

ms at H,=50 Oe and t,,,,=100 ms is not the same as previously measured (t,=330 ms).

We believe that this discrepancy is a result of different measurement temperatures

(particularly here where the electromagnet was running for an extended duration resulting
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in an elevated temperature). Nevertheless, the signal amplitude followed the trend of ¢,
as expected, when sweeping H, and t,,,, (Figure 5.6a). The normalized data, which were
processed to remove the coverage, showed a positive correlation with the H, and t,,,44
(Figure 5.6b,c). In terms of signal amplitude (Figure 5.6d,e,f), it shows diminishing returns
when increasing H, and t,,q4, i.€. the increasing trend of signal is not as obvious as ¢,

with increasing H, and ty,q4.
5.7 Characteristics of Time-domain Magnetorelaoxmetry

Based on the previous sections, we can enhance the signal through increasing the
external field, magnetization time, as well as higher MNP concentration. In this experiment,
we fixed H,=75 Oe and t,,,,=150 ms and investigated the signal from different MNPs.
According to the literature and datasheets®-1%, the mean core size is 7.7 nm, 12 nm, and
30 nm for MyOne, Nanomag-D, and SHS-30, respectively. The normalized signals, which
eliminate the effects of coverage, exhibited characteristic signatures unique to each MNP

(Figure 5.7a) and the extracted characteristic times of these three MNPs varied from 270
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Figure 5.7 MRX of commercial MNPs

(a) Measured relaxation curves for different MNP and (b) the extracted characteristic time annotated with the core size
of the MNP. Measurements repeated on multiple sensors (n=62, 45, 49, respectively.) Error bars are t1o.

71



ms to 480 ms (Figure 5.7b). The measurements were conducted under the same ambient
temperature, hence the differences in the normalized signal must be rooted from the
different characteristic times. These results agree with the increased Néel relaxation time
as described in Equation Figure 5.7 where the time is dependent on the core volume.
While time-domain MRX was substantially limited by the deadzone time (switching time)
of the magnetic field in the early work®21%2 here we have dramatically improved the time-

domain MRX system with GMR sensors and successfully detected three kinds of MNPs.

5.8 Progress toward Magnetic Immunoassay

To demonstrate MRX as a biosensing technique, we performed an immunoassay
and compared the results to the conventional magnetometry approach. In this experiment,
the active sensors were functionalized with biotin whereas reference sensors were
functionalized with BSA. The protocol used to functionalize the sensors is described in the
Methods section. It should be noted that this protocol was designed specifically for the
SHS-30 MNPs that have a zeta potential between -40 to -20 mV’"*0, To compare both
techniques, MRX measurements were taken before and after adding the streptavidin-
coated MNPs to the assay. The assay was monitored in real-time using conventional
magnetometry?® (Figure 5.8a). As expected, the streptavidin-conjugated MNPs bound to
the biotin on the surface of the active sensors. The reference sensors showed no signal,
indicating no specific binding. The corresponding coverage maps are shown in Figure 5.8b
and Figure 5.8c for magnetometry and MRX, respectively. Both coverage maps show a
high degree of similarity, confirming the validity of the proposed technique. Since the noise
is uncorrelated in the MRX measurements, repeated measurements can be used to
improve the signal to noise ratio at the expense of an increased measurement time. This
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Figure 5.8 Bioassay: magnetometry vs. MRX

(a) Measured real-time magnetic immunoassay based on magnetometry, the curves are the mean signals of reference
sensors (red, n=8) and active sensors (blue, n=25), respectively. Error bars represent +1c. Corresponding coverage
map for (b) magnetometry and (c) magnetorelaxometry.

proof-of-principle experiment demonstrates the potential of utilizing the proposed time-

domain MRX for in-vitro diagnostics.

5.9 Summary

Unlike the traditional magnetomertry which only measures the magnetic field, spin
relaxometry (i.e., electron spin and nuclear spin) measures the temporal magnetic
response arising from the unique atomic structure. Early development on magnetic
relaxation for biomedical applications focused on nuclear magnetic resonance (NMR)
based on nuclear spin relaxation''*'12, With the endeavor of miniaturization of NMR
devices!!*-116  relaxometry-based microchips have drawn attention recently and are
moving toward molecular/cellular diagnostics using electron spin relaxation (ESR).
However, both NMR and ESR typically require large magnets to generate the polarizing
field limiting their miniaturization. With the state-of-the-art semiconductor technologies,

MR-based biochips have the merits of low cost, integration of lab-on-a-chip, integrated
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electromagnets, and CMOS compatibility that can be further applied in PoC settings using
MRX. Although MRX has been investigated for two decades, the lack of systematic study
of MNP characteristics for temporal measurement has prevented time-domain MRX from
being a reliable biosensing technique. Previously, the deadzone time restrained time-
domain MRX from surface immunoassays, urging MRX toward frequency-domain
measurements with homogeneous assays. Frequency-domain MRX has established the
excellence in the homogeneous assay recently3417, however, its high dependence on
hydrodynamic volume decreases the distinguishability between analytes and

homogeneous assay increases the distance between analytes and sensor surface that
would remarkably diminish the magnetic signal (« 1/d3). Due to the above challenges in

MRX, there is an urgent need to re-innovate time-domain MRX in unprocessed samples
without the loss of magnetic sensitivity. Some of the advanced works substantially
improved the temporal limit of MRX by using Hall-effect and inductive microchips with a
high sampling-rate ADC to capture the dynamic response36-37:118-120 yet the realization on

bioassay using time-domain GMR MRX hasn’t been reported to date.

In this work, we successfully demonstrated a time-domain MRX for biotin-
streptavidin assay using GMR biosensors to investigate the temporal relaxation of
commercial MNPs. The experimental investigation was designed on a theoretical basis,
from the investigation of Néel relaxation of dry MNPs which is prohibited from Brownian
relaxation, coverage correlation that demonstrated unequal contribution of signal from
stripes and trenches, extraction of characteristic time of different MNPs that proved the

feasibility of distinguishing various MNPs in an assay, to the first realization using GMR on
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time-domain bio-MRX. In summary, the systematic investigation of our work on time-

domain MRX enable us to perform bio-MRX with GMR biosensors.

Chapter 5 is a reprint of the material as it appears in Scientific Reports 7, 45493
(2017), “Giant Magnetoresistive Biosensors for Time-Domain Magnetorelaxometry: A
Theoretical Investigation and Progress Toward an Immunoassay,” from Chih-Cheng
Huang, Xiahan Zhou, and Drew A. Hall. The dissertation author was the primary

investigator and author of these papers.
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Chapter 6. SUMMARY

6.1 Summary of Dissertation

This dissertation describes innovations made to MFC and time-domain MRX that
integrate GMR biosensors with MF and high-slew-rate coils, respectively. The following is

a summary of the key points and results presented in the dissertation.

Chapter 3 describes GMR-based MFC to leverage the best scenario for future
cancerous detection, the multi-stripe layout generates a characteristic signature that is
detected using MF and allowed discrimination between different types of magnetic labels.
We characterized the system operation by altering microfluidic dimension and
investigating hydrodynamic force with both computational simulation and experimental
measurements. A couple methods of signal processing were deployed to evaluate and
improve the credibility of detection efficiency, the MF validifies the 5-fold improvement in
minimum SRN requirement. Coupled with cross-sensor correlation technique, the
enumeration between optical observation and filtered electrical readout can be up to
around 90% correlation with 50 thresholding. Furthermore, the ROC curve reinforces the

potential for future application with 95% accuracy in biomimetic model. In brief, this GMR-
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based MFC offers an alternative to optical FCM with increased portability and rapid
“sample-to-answer” measurement capability. This work, in part, was published in IEEE

Sensors Conference, and in part is currently being submitted for publication.

Chapter 4 presents the aptamer-based MFC for the cellular detection. Followed by
the techniques which is described in Chapter 2, we utilized comparable microfluidics
embedded with MF to detect aptamer-decorated pancreatic cancer cells. In the model
study, EGFR-overexpressed Panc-1 cells were used to establish validity of cancerous
measurements, the total counting owns 89.85% accuracy of true positives. The
characteristics shows similar signal distribution across MFC and Coulter Counter while the
distribution shifts after 5-hour measurement among different matrix. The EGFR
expressions among Panc-1 and MIA PaCa-2 are discussed and compared with aptamer
and antibody, magnetic signal shares high correlation (R>=98.43%) with fluorescence

intensity. This work in part is currently being submitted for publication.

Chapter 5 presents a novel time-domain MRX using GMR biosensors that observe
Néel relaxation of tethered MNPs. To investigate this, we designed an ultrafast
electromagnet with a switching time less than 5 ps (slew rate >1,000 T/s), which is much
faster than the state-of-the-art with a 400 us switching time (slew rate of 37 T/s), to
minimize the deadzone. Low-noise readout electronics were designed to capture the
relaxation signal. The effect of the applied magnetic field amplitude and magnetization
time were explored to understand their influence on the relaxation process. The results
show excellent agreement with the empirical trend describing the relaxation based on
natural-log behavior. We use these findings to optimize the system and perform a proof-

of-principle magnetic immunoassay, which is to the best of our knowledge, the first time
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that GMR sensors have been reported for an MRX bioassay. This work was published in

Scientific Reports.

6.2 Areas for Future Work

Both the MFC project and MRX project presented in this dissertation can be further

expanded upon in a few ways:

Regarding the MFC, its applications can be extended in the following directions: 1)
B-cell malignancy diagnosis: B-cell lymphoma cells frequently shed off their cell
membranes, forming the lymphoglandular bodies, which are used by cytologists as an
indicator of lymphoid malignancy. Lymphoglandular bodies are essentially cell debris and
they cannot be detected by currently available FCMs or ELISA which require specimen
preparation or cell lysis, while MFC is expected to overcome this kind of restriction; 2) CTC
detection: as the high throughput measurements have been proofed with our MFC, the
CTC detection is expected to work with our technique and can be utilized on early cancer
diagnosis; 3) Integration of magnetic sorting: as it can filter the specific cells with targeted

biomarkers to perform the whole function like what commercial FCMs do.

While MRX is a relatively unexplored area, its potential development for next-
generation biosensing is fascinating. Specifically: 1) Assay development: as the proof-of-
concept bioassay has been done with biotin-streptavidin, the applications for other
immunoassays are expected; 2) Signal dependence on temperature: as we investigated
and discussed the effect of applied field, magnetization time, and coverage on MRX signal,
temperature was an uncontrollable variable during measurements. To systematically

elucidate the mechanism of time-domain MRX, a well-controlled temperature chamber
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should be built for further study; 3) Multiplex immunoassay: followed by elucidation of
temperature effect, the well-established time-domain MRX is expected to perform
multiplex assay by tethering MNPs with different characteristic times that locate in the
different order of time window. 4) Realization of miniaturization: as the external field source
is the biggest hindrance for portability of magnetic biosensors, the removal of Helmholtz
coils can tremendously reduce the size of MRX devices. To achieve this, a couple of
strategies can be applied. The first one is using on-chip integrated wires, but heating
issues might emerge. The second one is utilizing self-field from bias current through
sensors, and the electron scattering within nano thin film would be the next challenge. The
third one is integrating RF-coils and in-plane coils, heating is expected to be less and it
can be extended to frequency domain such as Brownian relaxation, NMR, and even
hyperthermia (for on-chip mechanical cell lysis). Conclusively, there’s plenty of room at the

bottom as the applications of time-domain MRX have not been totally unveiled.
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APPENDIX A: ABBREVIATION LEXICON

Abbreviation

ADC
APTES
BSA
CDS
CMOS
CTC
DMEM
DTW
ECL
EDMF
EGFR
ELISA
ESR
FACS
FBS
FCM
FET
FFT
FPGA
FSC
GAPDH
GMR
LOD
MF
MFC
MFI
MIA
MMI
MNP
MR
MRX
NCD
NMR

Translation

analog-to-digital converter
(3-Aminopropyl)triethoxysilane

bovine serum albumin

correlated double sampling

complementary metal-oxide-semiconductor
circulating tumor cells

Dulbecco's modified Eagle medium
dynamic time warping

enhanced chemiluminescence
energy-detection matched filters

epidermal growth factor receptor
enzyme-linked-immunosorbent assays
nuclear magnetic resonance
fluorescence-activated cell sorting

fetal bovine serum

flow cytometer; flow cytometry

field effect transistor

fast Fourier transform

field programmable gate array

forward scatter
glyceraldehyde-3-phosphate dehydrogenase
giant magnetoresistive; giant magnetoresistance
limit of detection

matched filtering

magnetic flow cytometer; magnetic flow cytometry
mean fluorescence intensity

magnetic immunoassay

mean magnetic intensity

magnetic nanoparticle

magnetoresistive; magnetoresistance
magnetorelaxometry; magnetorelaxation
noncommunicable disease

nuclear magnetic resonance
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oM optical microscope

PAGE polyacrylamide gel electrophoresis

PCB printed circuit board

PDMS poly(dimethylsiloxane)

PE phycoerythrin

PEMF previous-event matched filters

PoC point-of-care

PTFE poly(tetrafluoroethylene)

ROC receiver operator characteristic

RIPA radioimmunoprecipitation assay

SA-PE streptavidin-phycoerythrin

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis
SEM scanning electron microscope

SMF simulation-based matched filters

SNR signal-to-noise ratio

SQUID superconducting quantum interference device
SSC side scatter

TIA transimpedance amplifier

ToF time-of-flight

WHO World Health Organization
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APPENDIX B: LIST OF SYMBOLS

Quantity/Translation/Definition

Hamaker constant

magnetic flux density

drag coefficient defined by the size and shape of MNP
integration capacitor

a dimensionless coefficient containing the magnetic viscosity and
signal per particle on the sensor

a dimensionless coefficient containing the magnetic viscosity and
signal per particle on the trench

frequency of the alternating magnetic field
Brownian frequency

drag force

electro-repulsive force

gravity

Langevin force

Magnetic force

Van der Waals force

gravitational acceleration

stray field generated by MNPs at the time when turning off the
external field

applied field

average field that works on the free layer

input current

anisotropy constant of MNPs

Boltzmann’s constant

the stripe coverage in terms of percentage

the trench coverage in terms of percentage

sensor length

magnetization of the MNPs due to Néel relaxation
magnetization of the MNPs due to Brownian relaxation

magnetization of the MNPs at the time when turning off the external
magnetic field

distance between the MNP and the point of free layer
nominal resistance
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MNP radius

sensitivity defined as dR/dH (Q/Oe)
time after turning off the field

Kelvin temperature

characteristic time of Néel relaxation
free layer thickness

magnetization time

bias voltage

core volume of an MNP

hydrodynamic volume of the MNP or magnetic bead

medium velocity

MNP’s velocity

MNP’s volume

sensor width

in-plane axes

in-plane axes

out-of-plane axis

a constant related to the magnetic viscosity
MR signal due to the MNP

voltage variation of the MNPs due to Brownian relaxation
voltage variation of the MNPs due to Néel relaxation

extracted voltage

permittivity of free space

relative permittivity

dynamic viscosity of the liquid
surface coverage

Debye—Huckel length

density of the medium

density of the MNP

attempt time (usually approximated as 10° sec)
Brownian relaxation time

effective relaxation time

Néel relaxation time

volume susceptibility (dimensionless)
DC susceptibility

complex susceptibility

volume susceptibility of medium
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By

14

By

¥p
Vs

in-phase susceptibility

out-of-phase susceptibility

susceptibility at high frequency

surface potential of the MNP

surface potential of the sensor substrate
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